AD-AQ44  037 


UNCLASSIFIED 


GENERAL  OVNAMICS/CONVAIR  SAN  DIE«0  CALIF  F/G  1/3 

WEAPON  SYSTEM  COSTING  METHODOLOGY  IMPROVED  STRUCTURAL  COST  ANAL— ETC (U) 
MAY  77  R £ KENYON  F336H-75-C-3148 

AFFDL-TR-77-24  M 


i 

^&44037 


- I 1W| — 

OOC  FILE  COPY  AO  A 044  03 

4 


AFFDLTR-77-24 


WEAPON  SYSTEM  COSTING  METHODOLOGY - 
IMPROVED  STRUCTURAL  COST  ANALYSIS 


GENERAL  DYNAMICS  CONVAIR  DIVISION 
KEARNY  MESA  PLANT 
5001  KEARNY  VILLA  ROAD 
SAN  DIEGO,  CALIFORNIA  92138 


MAY  1977 


p • ; fpT 


TECHNICAL  REPORT  AFFDL-TR  77 -24 

FINAL  REPORT  FOR  PERIOD  JULY  1975  - FEBRUARY  1977 


m 


Approved  for  public  release;  distribution  unlimited 


Prepared  for 

AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY 
Air  Force  Wright  Aeronautical  Laboratories 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


D D C 

, .-JjjfrfF'pnn  nr? 

SEP  ,s  1971 
"ktSEairE 


B 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are  used 
for  any  purpose  other  than  in  connection  with  a definitely  related 
Government  procurement  operation,  the  United  States  Government  thereby 
incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the  fact 
that  the  Government  may  have  formulated,  furnished,  or  in  any  way  supplied 
the  said  drawings,  specifications,  or  other  data,  is  not  to  be  regarded 
by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way  be 
related  thereto. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication. 

LARRY  G/ KELLY,  Actg/^iief 
Advanced  Structures  development  Br 
Structures  Division 


Chief,  Structural  Mechanics  Division 
Air  Force  Flight  Dynamics  Laboratory 

This  report  has  been  reviewed  by  the  Information 
Office  (01)  and  is  releasable  to  the  National 
Technical  Information  Service  (NTIS).  At  NTIS, 
it  will  be  available  to  the  general  public,  including 
foreign  nations. 


f(  tL 

rTn.  MUELLER 
Project  Engineer 

FOR  THE  COMMANDER 
HOWARD  L.  FARMER. ’ Col. . L 


USAF 


If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing 
list,  or  if  the  addressee  is  no  longer  employed  by  your  organization, 
please  notify  AFFDL/STINFO,  WPAFB,  OH.  45433,  to  help  us  maintain  a 
current  mailing  list. 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by 
security  considerations,  contractual  obligations,  or  notice  on  a specific 
document. 


AIR  FORCE/567tO/29  August  1977  - 150 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  ( When  Date  Entered) 

7 ' REPORT  DOCUMENTATION  PAGE  before  completing  form 

~ REPOrVnMWRER  ~ [2  GOVT  ACCESSION  NO.  3 RECIPIENT'S  CATALOG  NUMBER 


AFFDLrtTR-77-24  / 

«.  V*»A.  UaMMHItt) 

WFAPOfUSYSTEM  COSTING  M ETHODOLOGY 

IMPROVED  STRUCTURAL  COST  ANALYSIS  . 

=*  2 


17  AUtHORfAJ 


II.  E ./Kenyon~~'\ 


TYPE  OF  atji&RT-*  PA-BlgO  COVEHEO 

Final  Jtep«rt , 

Julw  M75-— Fi  iiMM 


6 CONTRACT  OR  GRANT  NUMBER*’*; 

ft  F33615-75-C-3148,N^  ^ 


t PERFORMING  ORGANIZATION  NAME  AND  ADDRESS  PROGRAM  ELEMENT  PROJECT.  TASK 

_ 1 S ' l AREA  ft  WORK  UNIT  NUMBERS 

Convair  Division  of  General  Dynamics  (A  - — 7- 

Kearny  Mesa  Plant,  5001  Kearny  Villa  Road,  1 .168  - 

S:.n  DR-Pn.  CA  <42.38 Task  13680505 

It  CONTROLLING  OFFICE  NUIC  AND  ADDRESS  BEN  URT-TV*  I 

Air  Force  Flight  Dynamics  Laboratory,  (FBS)  ( f/ J May  fi>77  / 

Advanced  Structures  Division,  Air  Force  System  v — ' u humberqf  pages  ~ 

Command,  Wright-Pattcrson  AF  Base,  Ohio  45433  f j "2-^5 ^ 

TI  MONITORING  AGENCY  NAME  I AOORESV"  dltl.rmU  Irom  Canlrollln,  Otlicd)  IS  SECURITY  CLASS  (ol  |U? 

Unclassified 


Task  13680505  7 

” REPORT-ORf^r 

'll)  May  »77  / 

V II  NUMBER  qE  PAGES  --  , > 


IS*  DECLASSIFICATION  downgrading 
scheoule 


I 14  DISTRIBUTION  STATEMENT  (ol  thlm  Report) 


D D C. 

trFiTDrpnn  nr?  ~t 

SEP  13  1977 

EGZJEUUTS  jJJ 


Approved  for  public  release;  distribution  unlimited 


M7  DISTRIBUTION  STATEMENT  f ol  the  eba  tract  entered  In  Block  20.  It  different  trow  Report) 


IB  supplementary  notes 


It  KEY  WOROS  (Continue  on  reveeee  ml  dm  It  nocoooory  end  Identity  by  block  number) 

design-to-cost  airframe  cost  estimating 

aircraft  structure  cost  estimating  first  unit  costs 

trade  study  costing  learning  curve  factors 

l airframe  costing  commonality  effects 

20jf  ABSTRACT  ( Continue  on  reemee  aide  It  necemeery  end  Identity  by  block  number) 

This  report  describes  a study  to  improve  a previously  developed  weapon  system 
costing  methodology  for  aircraft  airframes  and  basic  structures  under  Contract 
F 3361 5-72-C -2083.  The  methodology  is  part  of  a preliminary  design  level  technique 
for  the  cost  estimation  of  flight  vehicle  structures.  Applications  of  the  method  have 
indicated  a number  of  areas  where  further  study  and  development  could  be  expected  to 
provide  an  advanced  state-of-the-art  capability.  This  study  was  directed  towards 


DD  i jAN*n  1473  COITION  OF  I NOV  l»  It  OBSOLETE 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  I Whon  Pmtm  Knlotodl 


Vl/7  (>£& 


IN  CLASSIFIED 


sfoioitv  classification  of  this  pageiuti^  Dmtm  f«mi 


iy.  Keywords:  (Continued)  structural  costs,  production  rate  effects,  material 
scrappage  factors,  complexity  factors 


20.  Abstract  (Continued) 

that  end.  The  study  was  limited  to  the  specific  changes  consisting  of  (1)  development 
of  complexity  factors  for  technologies  and  materials  represented  by  the  advanced 
strategic  bomber  wing  carry-through  box,  (2)  modification  of  raw  material  cost 
estimating  relationships  (CERs)  to  increase  sensitivity  to  material  product  form  and 
type  of  scrappage,  (3)  investigation  of  additional  assembly  techniques  and  adding  or 
modifying  corresponding  cost  estimating  faeotrs,  (4)  modification  of  existing  CERs 
to  include  evaluation  of  variations  in  the  degree  of  commonality  involved,  (5)  deter- 
mination of  the  effect  of  production  rate  on  recurring  production  costs,  and  (6)  deter- 
mination of  the  variation  in  learning  curve  factors  due  to  variation  in  the  type  of 
material  or  typo  of  construction.  Detailed  results  are  described. 


| ACCESSION  for 

NTIS 

White  Section  & 

one 

Buff  Section  □ 

UNA’ 

NOTICED 

□ 

jJST 

riCATION 

— 

i 

CY 

013 

RIBUTION/AVAIIABILIIY  COHES 

IV  l 

■WAN . 

inn  i U'tClMj 

■A\$ 


¥ 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGEfWften  f> o'n  Fntfrrd* 


. 


FOR  EVVOHD 


This  report  was  prepared  by  the  Convair  Division  of  General  Dynamics,  San  Diego, 
California,  under  USAF  Contract  F33615-75-C-3148.  The  contract,  titled  "Improved 
Structural  Cost  Analysis,"  was  initiated  under  Project  1467. 

The  work  was  administered  under  the  direction  of  the  Air  Force  Flight  Dynamics 
Laboratory,  Structures  Division,  Wright-Patterson  Air  Force  Base,  Ohio,  under 
the  direction  of  Mr.  R.  N.  Mueller  (AFFDL/FBS)  as  Project  Engineer. 

This  report  covers  work  conducted  from  July  1975  to  February  1977  and  was  sub- 
mitted by  the  author  in  February  1977,  under  Air  Force  Flight  Dynamics  Laboratory 
Report  No.  TR-77-24  as  a Final  Report.  This  report  consists  of  one  volume. 

The  principal  author  and  project  leader  on  this  program  is  Mr.  R.  E.  Kenyon, 
under  the  administration  of  Mr.  G.  E.  Vail,  Chief  of  Economic  Analysis.  Others 
who  contributed  to  the  studies  and  who  contributed  in  the  preparation  of  this  volume 
include  J.  L.  Youngs,  Economic  Analysisand  Jess  McDaniels,  Fort  Worth  Division. 


TABLE  OF  CONTENTS 


Section 


Page 


I 

II 


III 


INTRODUCTION 


THE  RATIONALE  FOR  METHOD  IMPROVEMENT 3 

2.1  DESCRIPTION  OF  THE  TRADE  STUDY  METHOD.  . . 3 

2.2  FINDINGS  OF  THE  METHOD  DEVELOPMENT 

PLAN 20 

2.3  IMPROVEMENTS  SOUGHT 21 

2. 3. 1 Advanced  Metallic  Structures  Complexity  Factor 

Development  21 

2.3.2  Raw  Material  Costs 22 

2.3.3  Consideration  of  Additional  Assembly  Techniques.  . . 23 

2.3.4  Evaluation  of  Commonality 24 

2.3.5  Production  Rate  Effects 24 

2.3.6  Learning  Curves 24 

2.3.7  Cost  Model  Computer  Program  Changes 25 


DISCUSSION  OF  IMPROVEMENTS 26 

3.  1 COMPLEXITY  FACTOR  DEVELOPMENT  FOR 

ADVANCED  METALLIC  STRUCTURES 26 

3.1.1  Data  Collection 27 

3.1.2  Cost-Weight  Relationships 43 

3.1.3  Estimating  Factor  Development 43 

3.1.4  Complexity  Factors 64 

3.1.5  Tooling 83 

3.1.6  Design  Hours 88 

3.2  RAW  MATERIAL  COST  ESTIMATING 92 

3.2.1  Previously  Developed  Tables  and  Their  Usage  ....  93 

3.2.2  Expanded  Material  Estimating  Factors 93 

3.  3 ASSEMBLY  CER  MODIFICATION 129 

3.3  1 Review  of  Existing  Assembly  CERs 129 

3.  3. 2 Approach  to  CER  Modification 129 

3.4  EVALUATION  OF  COMMONALITY 161 

3.4.  1 Commonality  Effects  on  Recurring  Production 

Costs 161 

3.4.2  Commonality  Effects  on  Set-up  Costs 169 


v 


TABLE  OF  CONTENTS  (Continued) 


Section  Page 

3.5  PRODUCTION  RATE  EFFECTS 171 

3.5.1  Literature  Review 171 

3.5.2  Cost  Estimating  Relationship  (CER)  Modification.  . . 173 

3.6  LEARNING  CURVE  FACTORS 177 

3.6.1  Learning  Curves 177 

3.6.2  Construction  Type  Analysis 183 

3.6.3  Secondary  Structure  Learning  Factors 185 

3.6.4  Material  Learning  Factor  Development 187 

3.  6.  5 Learning  Factor  Matrix  Development 188 

IV  COMPUTER  PROGRAM  CHANGES  195 

4.1  ASSEMBLY  CERs 195 

4.2  COMMONALITY  EFFECTS 196 

4.3  PRODUCTION  RATE  EFFECTS 200 

V CONCLUSIONS  AND  RECOMMENDATIONS 203 

Appendix 

A TRADE  STUDY  CERs  AND  DEFINITIONS  206 

B ORIGINAL  AMAVS  PROGRAM  SUMMARY 221 

C AMAVS  DETAIL  PARTS  - LISTING  OF  HOURS  247 

REFERENCES 266 


vi 


LIST  OF  ILLUSTRATIONS 


Figure  Page 

1 Estimating  Process  Basic  Elements 3 

2 Trade  Study  Cost  Estimating  Method 4 

3 Wing  First  Unit  Cost 5 

4 Wing  RDT&E  Costs 6 

5 Recurring  Airframe  Production  Costs  (Summary) 7 

6 Nonrecurring  Design  and  Development  Costs  8 

7 CER  Examples  - Trade  Study  Estimating  Method  for  Manufacturing 

First  Unit  Cost 11 

8 Computer  Program  Deck  Set-up 13 

9 Examples  of  Model  Card  Entries 14 

10  Input  and  Input  Source  Examples 15 

11  Cost  Model  Input  Summary 16 

12  Input  Development 17 

13  Fuselage-Nacelle-Landing  Gear  Structural  Weights 19 

14  Complexity  Factor  Level  of  Detail 21 

15  Main  Landing  Gear  Fitting  Geometry  28 

16  Part  Cost  Data  Sheet 29 

17  Assembly  Summary  Data 30 

18  Wing  Carry-through  Structure  Summary 31 

19  Wing  Carry  through  Box  Detail  Fabrication  Hours  Per  Pound 

Against  Weight  47 

20  Wing  Reaction  Box  Subassembly  Hours  Per  Pound  Against 

Weight 48 

21  Costing  Concept 49 

22  CER  Form  for  Costing  Concept 51 

23  Derivation  of  Estimating  Coefficients  52 

24  Normalized  Data  - Rib  Detail  Fabrication 54 


vli 


A 


LIST  OF  ILLUSTRATIONS  (Continued) 

Figure  Page 

25  Wing  Carry-through  Box  Assemblies  - Detail  Fabrication 

Hours  Against  Weight 56 

26  Wing  Carry-through  Box  Assemblies  - Subassembly  Hours 

Against  Weight 57 

27  Wing  Carry-through  Box  Assemblies  - Detail  Fabrication 

Hours  Per  Pound  Against  Weight 58 

28  Wing  Carry-through  Box  Assemblies  - Subassembly  Hours 

Per  Pound  Against  Weight 59 

29  Development  of  Baseline  Estimating  Coefficients 66 

30  Spar  Detail  Fabrication  Hours  Per  Pound  Against  Weight 68 

31  Fairing  Detail  Fabrication  Hours  Per  Pound  Against  Weight  ....  69 

32  Cover  (Aero  Surfaces)  Detail  Fabrication  Hours  Per  Pound 

Against  Weight  70 

33  Rib  Detail  Fabrication  Hours  Per  Pound  Against  Weight 71 

34  Frame  Detail  Fabrication  Hours  Per  Pound  Against  Weight 72 

35  Cover  (Fuselage)  Detail  Fabrication  Hours  Per  Pound 

Against  Weight 74 

36  Longeron  Detail  Fabrication  Hours  Per  Pound  Against 

Weight 75 

37  Pivots  and  Folds  Detail  Fabrication  Hours  Per  Pound 

Against  Weight 76 

38  Axles,  Trunnions  and  Fittings  Detail  Fabrication  Hours 

Per  Pound  Against  Weight 77 

39  Axles,  Trunnion  and  Fittings  Subassembly  Hours  Per 

Pound  Against  Weight 78 

40  Wing  Carry-through  Box  Detail  Fabrication  Hours  Per 

Pound  Against  Weight 79 

41  Wing  Carry-through  Box  Subassembly  Hours  Per  Pound 

Against  Weight 80 

42  Wing  Carry-through  Box  Assemblies  - Tool  Mfg.  Hours 

Against  Weight 87 

vill 


LIST  OF  ILLUSTRATIONS  (Continued) 

Figure  Page 

43  Wing  Carry-through  Box  Assemblies  - Design  Hours 

Against  Weight 90 

44  NAMELIST  Inputs  for  Structural  Box  and  Fuselage  Basic 

Structure  Material  Worksheet 94 

45  NAMELIST  Inputs  for  Secondary  Structure  Structural 

Material  Cost  Worksheet 96 

46  Rib,  Spar,  and  Cover  Material  Cost  Data 100 

47  Rib,  Spar,  and  Cover  Cost  Per  Pound  Versus  Structure 

Weight 101 

48  Rib,  Spar,  and  Cover  Cost  Per  Pound  Versus  Structure 

Weight 103 

49  Secondary  Box  and  Other  Structure  Cost  Versus  Structure 

Weight 104 

30  Cost  Versus  Thickness  - Aluminum  Sheet 108 

51  Cost  Versus  Thickness  - Aluminum  Plate 110 

52  Cost  Versus  Thickness  - Steel  Plate 110 

53  Cost  Versus  Thickness  - Titanium  Plate 112 

54  Material  Cost  by  Structural  Weight  - AMAVS  Components 114 

55  AMAVS  Data  and  Reference  1 Data 116 

56  Material  Cost  by  Structural  Weight  - Doves  119 

57  Material  Cost  by  Structural  Weight  - Air  Ducts  and  Tail 

Cones  120 

58  Material  Cost  by  Structural  Weight  - Leading  Edges, 

Trailing  Edges 121 

59  Material  Cost  by  Structural  Weight-Control  Surfaces 122 

60  Miscellaneous  Components  Material  Costs 123 

61  Material  Cost  by  Structural  Weight  - Axles,  Trunnions, 

Fittings 127 

62  Material  Cost  by  Structural  Weight  - Bullet 128 

lx 


LIST  OK  ILLUSTRATIONS  (Continued) 

Figure  Page 

63  Assembly  CER  Sequence 13b 

64  Rib  Subassembly  Hours  Per  Pound  Against  Weight 133 

65  Rib  Subassembly  Hours  Per  Pound  Against  Weight 136 

66  Spar  Subassembly  Hours  Per  Pound  Against  Weight 144 

67  Cover  Subassembly  Hours  Per  Pound  Against  Weight 145 

68  Frames  Subassembly  Hours  Per  Pound  Against 

Weight 146 

69  Longeron  Subassembly  Hours  Per  Pound  Against 

Weight 147 

70  Skin  Subassembly  Hours  Per  Pound  Against  Weight 148 

71  Built-up  Truss  Rib  Analysis 131 

72  Automatic  Riveting 152 

73  Manufacturing  Interface  Diagram 159 

74  Commonality  Equations  166 

75  Volume/Rate  Surface 172 

76  Production  Process 174 

77  Production  Rate  Sensitivities 174 

78  Rate  Effects  Curves 176 

79  Sheet  Metal  and  Machine  Shop  Learning 178 

80  Assembly  Learning 179 

81  Numerical  Control  Learning 180 

82  Limited  Learning  Numerical  Control 182 


x 


LIST  OF  TABLES 

Table  Page 

1 Summary  of  Cost  Printouts  for  a Trade  Study  Estimate 10 

2 Aerodynamic  Surfaces  Structural  Weights 18 

3 Learning  Factors  for  Detail  Fabrication  for  Primary  and 

Secondary  Structure 25 

4 Hours  and  Material  Dollars  by  Subassembly 32 

5 Labor  and  Material  by  Part 33 

6 AMAVS  WCTS  - Assembly  Level  Cost  - Weight 

Relationships 44 

7 AMAVS  WCTS  - Machined  Titanium  Cost/Weight 

Relationships 45 

8 Summary  of  Fabrication  and  WA  Hours  Broken  Down  by 

Detail  Fabrication  and  Subassembly 55 

9 Calculation  of  Statistics  for  Detailed  Fabrication 61 

10  Calculation  of  Statistics  for  Subassembly 62 

11  Dispersion  of  Data  by  Material  and  Construction  Type 64 

12  Complexity  Comparison  for  AMAVS  SCTS  to  Conventional 81 

13  AMAVS  WCTS  - Tool  Planning/Fabrication  Hours 

Relationship 84 

14  Calculation  of  Statistics  for  Basic  Tool  Manufacturing 

Hours 86 

15  Calculation  of  Statistics  for  Design  Hours 89 

16  AMAVS  Summary 91 

17  Primary  Structure  Raw  Material  Cost  Factor  (RMC) 95 

18  Primary  Structure  Material  Scrappage  Factor  (SF) 

Structure  Type 95 

19  Secondary  Structure  Raw  Material  Cost  Factor  (RMC) 98 

20  Secondary  Structure  Material  Scrappage  Factor  (SF) 98 

21  Primary  Structure  Material  Scrappage  (Yield)  Factor 

(SF) 107 

22  Mill  Prices  (MP)  Dollars  Per  Pound 109 

xl 


LIST  OF  TABLES  ( Continued) 


Table  Page 

23  Primary  Structure  Raw  Material  Produce  Form  Factor 

(FF) Ill 

24  Material  Usage  Values 113 

25  AMAVS  Components  Data  Base 115 

20  Secondary  Structure  Estimating  P'actors  for  Material 

Estimating 124 

27  Secondary  Structure  Estimating  Factors  Data  Base 125 

28  Component  Data  Base 126 

29  Aerodynamic  Surfaces  Rib  Complexity  Factors  - 

Subassembly 134 

30  Rib  Subassembly  by  Material  and  Construction  Type 135 

.51  Ac rodynam ic  Surfaces  - Ribs,  Complexity,  Factors 

for  Subassembly 138 

32  Fuselage  - Frame  and  Bulkheads,  Complexity  Factors 

for  Subassembly  (CM) 139 

33  Aerodynamic  Surfaces,  Spars,  Complexity  Factors 

for  Subassembly  (CM)  140 

34  Fuselage  - Longerons,  Complexity  Factors  for 

Subassembly  (CM) 141 

35  Aerodynamic  Surfaces  - Covers,  Complexity  Factors 

for  Subassembly  (CM) 142 

30  Fuselage  - Skin  Panel,  Complexity  Factors  for 

Subassembly  (CM) 143 

37  Cost  Per  Pound  Factors  (HFil  Map 149 

38  Interface  - Fit  Fastener  Effects 137 

39  Adjusted  Hours  Ratios 137 

40  Automatic  Riveting 154 

41  Diffusion  Bond  Riveting 155 

42  Adhesive  Bond  Welding  Cost  Advantages  Ratios 150 

43  Adhesive  Bond  Welding 157 


LIST  OP'  TABLES  (Continued) 

Table  Page 

44  Automatic  Riveting  Percentage  Factor  Values 160 

45  Interference  Fit  Fastener  Percentage  Factor  Values 160 

46  Commonality  Ptquations  for  Detail  Fabrication  of 

Primary  and  Secondary  Structure 16-1 

47  Commonality  Equations  for  Subassembly  of  Primary 

and  Secondary  Structure 165 

48  Detail  Fabrication  Learning 181 

49  Subassembly  Learning 181 

50  Secondary  Structure  Groupings  by  Learning 186 

51  Secondary  Structure  Detail  Fabrication 187 

52  Material  Learning 188 

53  Learning  Factors  for  Material  for  Primary  and 

Secondary  Structure 189 

54  Learning  Rates  for  Detail  Fabrication 

Construction  Types 191 

55  Learning  Rates  for  Subassembly  ConstructionTypes 192 

56  Learning  Factors  for  Detail  Fabrication  of  Secondary 

Structure 193 

57  Learning  Factors  for  Subassembly  of  Secondary 

Structure 194 


xiii 


SECTION  I 


INTRODUCTION 


This  is  a study  to  improve  the  cost  analysis  methodology  developed  under  Contract 
F.'i.'Jd  15-72-C-208.‘!.  This  methodology  is  part  of  a preliminary  design  level  techni- 
que for  the  cost  estimation  of  flight  vehicle  structures.  It  was  designed  to  be  sensi- 
tive to  the  structural  concepts  and  materials  used  and  to  provide  a significant  capa- 
bility for  preliminary  design  level  cost  analysis  and  trade  studies.  Applications  of 
the  method  to  date  have,  however,  indicated  a number  of  areas  where  further  study 
and  development  could  be  expected  to  provide  an  advanced  state-of-the-art  capa- 
bility, This  study  is  directed  towards  that  end. 

The  study  is  limited  to  the  specific  changes  outlined  in  the  statement  of  work,  con- 
sisting of  extending  the  choice  of  design  concepts  and  materials  that  can  be  handled 
and  improving  the  techniques  sensitivity  to  specific  parameters  known  to  have  a 
significant  impact  upon  acquisition  costs.  The  study  objectives  are  defined  by  the 
following  six  tasks : 

a.  Development  of  complexity  factors  for  technologies  and  materials  repre- 
sented by  the  advanced  strategic  bomber  wing  carry-through  box. 

b.  Modification  of  raw  material  cost  estimating  relationships  (CERs)  to  increase 
sensitivity  to  material  product  form  and  type  of  scrappage. 

c.  Investigation  of  additional  assembly  techniques  and  adding  or  modifying 
corresponding  cost  estimating  factors. 

d.  Modification  of  existing  CERs  to  include  evaluation  of  variations  in  the 
degree  of  commonality  involved. 

e.  Determination  of  the  effect  of  production  rate  on  recurring  production  costs. 

f.  Deter  mi  nation  of  the  variation  in  learnim  curve  factors  due  to  variation  in 
the  type  of  material  or  type  of  construction. 

Model  logic  changes  deriving  from  these  studies  are  to  be  implemented  in  the 
computer  program  in-house  by  AFFDL  personnel.  Data  describing  the  changes 
are  being  furnished  as  part  of  the  study  tasks. 

The  original  method  provided  an  approach  to  design  trade-off  studies  of  airframe 
structure  and  comprises  alternative  levels  of  capability:  a trade  study  cost 
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estimating  method  and  an  airframe  system  cost  estimating  method.  The  first 
capability  involves  a technique  that  allows  the  designer  to  compare  competing 
structural  designs  on  a relative  cost  basis  and  involves  a very  detailed  level  of 
estimating  for  basic  structure  only.  The  second  capability  provides  estimates  at 
the  subassembly  level  for  total  airframe  costs,  including  basic  structure  and 
fucntional  subsystems,  to  support  the  evaluation  of  proposed  systems  in  a system 
study  context.  The  current  study  is  concerned  only  with  the  first  of  these  methods. 

The  present  contract  is  a follow-on  to  Air  Force  Contract  F33f>15-72-C-2083, 
sponsored  by  the  Structures  Division  of  the  Flight  Dynamics  Laboratory,  which 
was  in  turn  a follow-on  to  Air  Force  Contract  F33615-70-C-1340,  also  sponsored 
by  the  Structures  Division.  The  earlier  study  provided  for  the  investigation  of 
representative  approaches  to  cost  estimating  as  they  are  described  in  the  available 
literature,  the  conception  and  evaluation  of  new  approaches,  the  final  selection  of 
an  approach  for  each  of  the  two  required  types  of  estimating,  and  the  development 
of  the  selected  approaches  to  the  jxiint  that  their  feasibility  could  be  demonstrated. 

1 he  feasibility  study  was  followed  by  the  second  contract,  which  provided  for  ex- 
tending the  trade  study  cost  estimating  techniques  from  the  horizontal  stabilizer  to 
the  entire  basic  structure  and  for  developing  the  system  study  method.  The 
results  and  findings  of  the  first  phase  were  combined  with  the  results  of  the  addi- 
tional research  and  study  to  produce  an  expanded  and  updated  estimating  system. 

The  initial  estimating  techniques  were  demonstrated  using  the  horizontal  stabilizer 
for  evaluation  purposes.  Additional  test  cases  were  run  based  on  all  elements  of 
the  aerodynamic  surfaces,  the  fuselage  and  nacelle  components  with  a final  demon- 
stration based  on  all  elements  of  a single  aircraft.  These  studies,  which  are 
described  in  Reference  1,  provide  the  background  for  the  current  improvement 
study. 

The  organization  of  this  report  is  as  follows.  Section  II  provides  a very  brief  re- 
view of  the  initial  method  as  background.  Then  the  basis  for  determining  the  im- 
provement needed  and  the  improvements  themselves  are  described.  Section  III 
discusses  approaches  and  results  with  respect  to  each  improvement  objective. 
Improvements  consist  of  expansion  of  the  data  base,  refinements  to  input  data 
taWes,  and  improvements  in  the  basic  estimating  relationships.  Resulting  com- 
puter program  changes  are  described  in  Section  IV.  The  final  section  discusses 
conclusions  and  recommendations. 

This  report  Is  organized  to  be  supplementary  to  Reference  1.  It's  primary  purpose  is 
to  provide  augmentation  to  the  results  of  that  prior  study,  and  thus,  it  is  not  a stand 
alone  report. 


1.  Ft.  F.  Kenyon,  "Weapon  System  Costing  Methodology  for  Aircraft  Airframes 
and  Basic  Structures,"  AFFDL-TR-75-44,  Volumes  1 and  2,  Contract 
F33G1 5-7 2-C -2083 , June  1975. 
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SECTION  II 

THE  RATIONALE  FOR  METHOD  IMPROVEMENT 

This  section  discusses  the  background  and  the  basis  for  improvements  sought  in 
the  trade  study  cost  estimating  method.  It  includes  a brief  description  of  the  trade 
study  cost  estimating  method,  a review  of  the  findings  and  testing  involved  in  the 
original  development  of  the  method,  and  a description  of  the  improvements  that 
are  the  subject  of  this  study.  The  description  of  the  method  is  provided  for  back- 
ground information.  Results  from  the  original  development  provide  the  primary 
source  of  direction  for  improvements.  These  are  briefly  reviewed.  The  last  part 
of  this  section  is  devoted  to  a discussion  of  improvement  objectives  and  approaches. 

2.  1 DESCRIPTION  OF  THE  TRADE  STUDY  METHOD 

This  section  provides  an  overview  of  the  trade  study  method.  The  basic  elements 
of  the  method  are  shown  in  Figure  1. 


Figure  1.  Estimating  Process  Basic  Elements. 

Input  development  relates  primarily  to  the  preliminary  design  interface  and  in 
particular  the  supporting  structural  synthesis  programs.  Inputs  are  categorized 
by  method  of  handling  in  the  computer  program  and  bv  the  nature  of  the  input. 

They  consist  of  NAMELIST  variables,  which  vary  with  design  characteristics, 
and  model  card  inputs  consisting  of  estimating  coefficients  baselined  to  the  histor- 
ical data  base.  The  estimating  logic  consists  of  a series  of  cost  estimating  rela- 
tionships, which  are  listed  in  Appendix  A.  The  cost  output  is  the  final  element  of  the 
estimating  process. 

Figure  2 gives  an  outline  of  the  trade  study  pstimating  method  and  the  flow  of  in- 
formation required.  In  this  description  of  the  method,  the  discussion  will  begin 
with  the  cost  output  and  work  backwards  through  the  various  phases  of  the  pro- 
gram to  the  procedure  for  development  of  input  data. 

Cost  Output 

Th<  cc  ^t  output  : desert t>ecl  and  defined  by  the  computer  printout  formats,  samples 

of  whir  h arc  ,i\  n in  Figure  : through  <>.  These  represent  a complete  set  of 
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Figure  2.  T rade  Study  Cost  Estimating  Method 


Suomi*  hi  sii*n  ssium  ■'it.ioso  jo  3sn 

iSO  lSii  ti-( 


■ pr.cT 


C'}!  4W[4S(f  [Qpy 


t-m  tD  *• 

o ■* 

*-  J 


J 

« onf 

*-■0  3 

o « o 

hJI 


iT»  r x 
rj  O'  -# 


*n  «p  « ^ « 

-r  & u>  c»*  «* 

^ «4  « >r  > 

ir  ro  -r  o*  -r 


«-•  <r  -• 

Ton 

t;  »Vj  •>■ 
N <0  « 
*£>  «o 


O W Of 
3 *-  3 

< < O 

* r 1 


I ► jf 
1 3 

or  •/%  o 

a « x 


2*S 

1 W D 

? 3? 


* *J 

«r  ■( 
« « 
<r  ►- 
«w  « 


»n  *j 

ocr  it  i* 

J*  <T*  «>  *T 

<r  <o  *r  *n 


n wd 
3 c*»  O 
V»0  I 


I*4*  *1 

l*r  ® <r  1 


10  <0  K N *4 
>p  ^ r IW  ^ 
^ M K 


K 0 

*n  .# 
« 


«■•  «■  T .0 

« -0  fhi  <T 
J N h J 


cr  « 

«r>  (T  ir> 

tr  « k. 

.0 


N *4  INJ  T T 
rfTJ-4l'-4 

r J hi  hi 

.0  fSJ  *v»  o*  <0 


0 ^ *4 

.0  **  •<  -4 
r h u h 
K o « ^ 


S«J 

►-  .t  m 

OMft  O 10 

!»V0O  « 


If  O 
3 O 
►» 

► c v 

J 3 o 

Jf  o r 


c u « 

3 v V 

of  r-  y 

►-  U* 


or  a f 'f  • 

b ►*  u>  » < 

a 0 i ')  . 

« »-  *■«  o 


* 


vt 

U-  U>  z 
*03 

U JM 

« Ot- 

u o 


T h JTm  w 0U  * • 

anHbjfiriMU  • u 

n *i  4i  Jhi  a c>  «t  »—  i • o'  o «» 

/•  u.  O'  *-4  « •-»  o _J  *-  o • 

r»  „i  » 4i  u t.0  u *1  *1  1 


► 0 h n 4 0 

#r  o a 

au  3 u*  o <_ 
V»  O' ». 


10  tA  O'  *T 

u<  ►-  u-  or  r 

O O h-  U l. 

^ r t «n 

I M M k h-  i/% 

I X o C - o •* 


5 


Figure  3.  Wing  First  Unit  Cost 
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Figure  5.  Recurring  Airframe  Production  Costs  (Summary) 
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Figure  6.  Nonrecurring  Design  and  Development  Costs 


computer  printouts  for  one  structural  element,  except  for  additional  printouts  for 
alternative  production  quantities  (to  a maximum  of  two).  The  remaining  structur- 
al elements  comprising  the  airframe  are  handled  in  a comparable  manner.  A 
complete  set  of  output  data  represents  thirty-six  different  computer  printouts  as 
summar  :ed  in  Table  1. 

Wing  First  Unit  Cost,  shown  in  Figure  3,  involves  definition  of  cost  by  primary 
and  secondary  structural  element  and  by  element  of  cost,  i.e. , manufacturing 
labor,  broken  down  into  fabrication  and  assembly  tasks,  and  production  material. 
The  cost  of  production  units  is  estimated  in  the  detail  shown  in  Figure  4 (for 
RDT&E  production  units).  This  breakout  is  identical  to  the  one  for  first  unit 
cost.  These  estimates  are  made  simply  by  a learning  curve  projection  of  the 
first  unit  values. 

Figure  5 provides  a summary  of  recurring  airframe  production  costs.  This  sum- 
mary is  provided  for  each  of  the  production  quantities  estimated.  It  summar- 
izes manufacturing  items  of  cost  and  provides  for  the  estimating  of  sustaining 
engineering  and  tooling  for  the  various  production  quantities.  Manufacturing 
costs  are  obtained  from  the  detailed  printouts.  The  item  "assembly,"  comprises 
hardware  element  subassembly  and  major  assembly  as  defined  for  primary  and 
secondary  structure.  Nonrecurring  design  and  development  costs  are  given  as 
shown  in  Figure  6 and  consist  of  engineering  labor  and  material;  tool  engineering, 
manufacturing,  and  material;  manufacturing  support;  quality  control,  and  manu- 
facturing development.  These  are  for  structural  subsystems  only. 

Cost  Model 

The  Cost  Model,  comprising  the  cost  estimating  logic,  consists  of  sets  of  CERs 
developed  for  each  of  the  items  of  cost  identified  in  the  computer  printouts.  These 
CERs  and  their  derivation  are  described  in  Reference  1.  Figure  7 gives  examples 
of  manufacturing  first  unit  CERs  for  labor  and  material.  Many  other  forms  are 
involved.  Manufacturing  First  Unit  Cost  is  an  estimating  convention  based  on 
using  theoretical  first  unit  cost  as  the  basis  for  estimating  manufacturing  costs. 

It  is  sometimes  necessary  to  augment  the  standard  procedure,  as  represented  by 
the  CERs,  with  special  procedures  and  analyses.  These  require  definition  for 
each  individual  case  and  are  generally  not  of  a nature  to  permit  incorporation  in 
the  main  body  of  CERs. 

The  estimating  method  makes  use  of  an  existing  general  cost  program,  designated 
COSTC,  that  operates  as  a data  manager  program  and  handles  the  cost  estimating 
logic  as  a program  input.  This  provides  a simple  means  of  modifying  cost 
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Table  1.  Summary  of  Cost  Printouts  for  a Trade  Study  Estimate 


= Complexity  factor  corresponding  to  rib  type 


Figure  7.  CER  Examples  - Trade  Study  Estimating  Method  for  Manufacturing  First  Unit  Cost. 


estimating  relationships.  These  are  accomplished  simply  by  changing  an  input 
model  card  and  the  corresponding  input  variables(s). 


The  total  set  of  CERs  generates  the  variable  input  requirement  entered  in  the  pro- 
gram as  NAMELIST  variables.  These,  together  with  the  model  cards,  constitute 
an  input  package.  The  model  cards,  which  include  the  CER  entries,  constitute 
an  input  whenever  they  are  to  be  revised.  They  may  be  revised  for  either  of  two 
reasons:  (1)  to  change  the  form  of  a CER,  or  (2)  to  change  an  estimating  coeffi- 
cient. These  coefficients  appear  as  constants  within  the  CERs,  and  comprise 
such  items  as  baseline  costing  factors,  scaling  factors,  and  other  factors  based 
on  historical  data. 

The  computer  program  deck  set-up  is  illustrated  by  Figure  8.  The  program  deck 
consists  of  the  COSTC  general  cost  program.  Inputs  comprise  NAMELIST  SIZE, 
NAMELIST  CURVE , NAMELIST  SUMMARY,  and  Model  Card  entries.  Sample 
model  card  entries  are  illustrated  in  Figure  9.  This  is  a very  limited  sample, 
the  total  Model  Card  Deck  consisting,  as  it  does,  of  approximately  650  entries. 
Figure  10  gives  an  example  of  the  relationship  between  inputs  (and  input  sources) 
and  the  CER.  A general  idea  of  the  input  organization  is  furnished  by  Figure  11. 

It  should  be  noted  that  numerous  additional  CER  forms  and  input  relationships  are 
involved.  Input  development  is  illustrated  by  Figure  12. 

As  shown  by  Figure  12,  various  design  synthesis  program  runs  are  required  to 
support  the  development  of  inputs.  These  provide  design  information  required  in 
the  estimating  process.  There  are  three  such  programs:  (1)  An  Automated  Pro- 
gram for  Aerospace  - Vehicle  Synthesis  (APAS),  (2)  A Program  for  Development 
of  Aircraft  Fuselage,  Nacelle  and  Landing  Gear  Weights,  and  (3)  The  Tip,  Lead- 
ing and  T railing  Edge  Analysis  Program.  The  first  of  these  in  turn  supports  the 
second.  The  third  program  ope  rates  independently.  A technical  description  of 
these  programs  is  given  in  Reference  1.  Each  of  these  programs  also,  obviously, 
has  an  input  requirement. 

j 

The  weight  analysis  for  aerodynamic  surfaces  primary  structure  involves  the  use 
of  correlation  factors  applied  to  the  output  of  APAS.  These  factors  are  in  turn 
based  < n weights  research  data  from  other  studies.  A separate  design  synthesis 
I and  weight  analysis  procedure,  the  Tip,  Leading  and  Trailing  Edge  Analysis  Pro- 

gram, is  used  for  aerodynamic  surfaces  secondary  structure.  These  results, 
t,  combined  with  those  for  primary  structure,  result  in  data  such  as  shown  in  Table 

2.  Correlation  factors  are  calculated  as  the  ratio  of  actual  weight  to  synthesis 
weight.  They  provide  a measure  of  the  credibility  of  the  synthesized  weight  and 
j can  be  used  as  analogs  in  estimating  similar  structural  elements. 

The  weight  analysis  for  fuselage  structure,  both  primary  and  secondary,  is 
handled  bv  the  Program  for  Development  of  Aircraft  Fuselage,  Nacelle  and 
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Figure  9.  Examples  of  Model  Card  Entries 


Figure  10.  Input  and  Input  Source  Examples 


CER  RE  VISIONS 

CERS 

MODEL  CARDS 

' Figure  11.  Cost  Model  Input  Summary, 
1G 
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Figure  12.  Input  Development 


Table  2.  Aerodynamic  Surfaces  Structural  Weights 


Part 

Actual 

Synthesis 

Correlation 

Definition 

Weight 

Weight 

Factor 

A-X  Wing 

Inter-Spar  Cover 

750 

072 

1. 12 

Spars 

410 

280 

1. 43 

Ribs 

3 1G 

00 

5.27 

Leading  Edge  & Tip 

125 

100 

0.75 

Trailing  Edge 

52 

92 

0.50 

Ailerons 

49 

24 

1.87 

Flaps  & Fore  flaps 

359 

281 

1.  28 

Slats 

278 

198 

1.40 

Spoilers 

83 

134 

0.07 

Does  not  Include: 

1.  Misc.  Structure:  88  lbs 

2.  Aileron  Balance  Wts. : 45  lbs 

Landing  Gear  Weights,  driven  by  the  APAS  program.  It  provides  weights  data  as 
shown  in  Figure  13. 

Historical  data  is  used  to  develop  various  factors:  learning  curve  factors;  scaling 
exponents;  engineering,  tooling,  and  manufacturing  factors;  and  material  cost 
factors.  Tables  have  been  prepared  summarizing  these  factors  and  are  described 
in  the  study  results. 

The  development  of  baseline  costing  factors  and  complexity  factors  is  interrelated. 
Their  development  is  fully  explained  in  Reference  1.  Briefly,  the  following  steps 
are  involved: 

a.  Development  of  complexity  factors  for  primary  structure  by  means  of  an 
industrial  engineering  analysis  relating  alternate  types  of  construction  and 
material  to  a baseline  hardware  element  of  known  cost,  thereby  indicating 
cost  ratios. 

b.  The  normalization  of  historical  data  by  weight  and  by  type  of  construction 
and  material. 


jU 
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Figuu  13.  Fuselage-Nacelle- Landing  Gear  Structural  Weights 


c.  The  derivation  of  CERs  from  the  normalized  data,  assuming  that  the  signifi- 
cant cost  related  variables  are  weight,  type  of  construction,  and  type  of 
material,  and  further  that  a consistent  scaling  relationship  is  applicable. 

d.  The  continuing  collection  of  historical  data  and  update  of  the  CER  deriva- 
tions. 

The  industrial  engineering  analysis  investigates  manufacturing  operations  associ- 
ated with  various  categories  of  hardware  construction  and  material  types  and  deter- 
mines a numerical  relationship  to  a nominal  element  of  hardware  that  utilizes  a 
baseline  type  of  construction  and  material.  The  individual  manufacturing  opera- 
tions are  evaluated  by  means  of  standard  hours,  and  a ratio  of  cost  is  established 
as  a measure  of  complexity. 

The  original  intent  of  this  study  (Contract  AF33615-70-C-1340)  was  to  deal  only 
with  primary  structure.  It  was  recognized  early  on,  however,  that  the  secondary 
structure  was  of  equal  significance  from  a cost  standpoint,  and  the  effort  was  re- 
directed accordingly.  Hardware  elements  making  up  secondary  structure  do  not 
tend  to  fall  into  type  of  construction  categories  as  conveniently  as  do  those  of  pri- 
mary structure.  This  complication  is  reflected  in  the  complexity  factor  tables  for 
secondary  structure,  as  discussed  in  Reference  1. 

A provision  is  included  in  the  method  for  applying  learning  curve  factors  at  the 
detailed  level  shown  in  Figure  3.  Development  of  the  factors  themselves  was  not 
included  in  the  original  study. 

Labor  rates  are  inputs  to  the  model.  Economic  escalation  relating  to  labor  may  be 
handled  through  these  inputs.  Variations  in  labor  costs,  as  for  example  differ- 
ences between  manufacturers,  can  also  be  accounted  for. 

2.2  FINDINGS  OF  THE  METHOD  DEVELOPMENT  STUDY 


Evaluation  of  the  methodology'  occurred  throughout  the  previous  study  during  devel- 
opment. As  much  as  possible,  CERs  were  developed  and  evaluated  against  a 
selected  data  base,  test  cases  were  run  at  the  major  component  level,  and  a final 
method  demonstration  was  conducted.  Test  cases  and  estimating  results  are  de- 
scribed in  References  1 and  2.  An  assessment  of  the  potential  for  the  method  for 
further  development  was  made.  Several  additional  studies  suggested  themselves 
from  the  conclusions  and  recommendations  developed.  On  the  basis  of  these,  the 
current  study  was  formulated,  resulting  in  the  objectives  described  in  the  next 
section. 


2.  R.  K.  Kenyon,  "Techniques  for  Estimating  Weapon  System  Costs,"  AFFDL- 
TR-71-74,  Final  Report,  Contract  F33615-70-C-1340,  April  1972. 
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2.3  IMPROVEMENTS  SOUGHT 


As  it  currently  exists,  the  trade  study  estimating  method  handles  a fairly  large  but 
fixed  quantity  of  design  concepts  and  material  choices  in  the  detail  required  for 
design-to-cost  trade  studies  that  occur  in  the  preliminary  design  of  structural  con- 
cepts. The  technique  provides  a significant  capability  for  preliminary  cost  analy- 
sis and  trade  studies,  however,  certain  areas  exist  where  advancement  in  the 
state-of-the-art  is  particularly  desireable.  The  following  discussion  enumerates 
these  and  describes  the  technical  approach  required  for  their  accomplishment. 

2.3.1  ADVANCED  METALLIC  STRUCTURES  COMPLEXITY  FACTOR  DEVEL- 
OPM ENT.  The  three  fold  objective  of  this  task  was  to  develop  specific  complex- 
ity factors,  within  the  context  of  the  trade  study  method  outlined  in  Reference  1, 
for  a wing  carry-through  tox  for  an  advanced  strategic  bomber  and  to  use  these 
factors  as  analogs  for  the  development  of  complexity  factors  for  spars,  ribs,  wing 
covers,  longerons,  and  frames  for  the  materials  and  manufacturing  technologies 
developed  by  the  Advanced  Metallic  Structures  Program  for  the  wing  carry-through 
box.  In  addition,  the  impact  on  learning  curve  slopes,  tooling  factors,  and  other 
nonrecurring  cost  factors  were  to  be  assessed  for  the  advanced  technology  involved. 

Cost  and  weight  data  were  collected  from  the  reports  on  the  Advanced  Metallic 
Structures  Program,  References  3 and  4,  and  from  the  Fort  Worth  Division  per- 
sonnel involved  in  that  program.  The  level  of  detail  at  which  complexity  factors 
were  to  be  developed  is  shown  in  Figure  14.  This  hardware  breakdown  is  taken 
from  Reference  3.  The  principal  source  of  cost  and  weights  data  was  Reference 
4.  More  detailed  supporting  data  were  developed  during  the  course  of  the  above 
program  and  are  referred  to  as  necessary  to  provide  backup  for  the  development 
of  complexity  factors. 

IUPPONTING  ONT*  COMPLEXITY  FACTOR  LEVEL  COMPONENT  LEVEL 


WING 

CARRY  THROUGH 
•OX  »0  I0X  BOX 
CONFIGURATION 


Figure  14.  Complexity  Factor  Level  of  Detail. 

3.  C.  E.  Hart,  Et.  Al. , "Advanced  Metallic  Air  Vehicle  Structure  Program: 

Phase  II  - Detail  Design  and  Analysis,"  Technical  Report  AFFDL-TR-74 
-17,  January,  1974. 

4.  Bissell,  R.  D.,  et  al,  "Advanced  Metallic  Air  Vehicle  Structure  Program:  Technical 
Report  - Summary,"  Volume  IT  - Fabrication,"  Contract  F33615-73-C-3001. 
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Manufacturing  methods  used  in  the  fabrication  of  pails  listed  in  Figure  14  had  to 
be  analyzed  to  determine  the  basis  for  extending  these  complexity  factors  to  other 
elements  of  primary  structure;  i.e.,  ribs,  spars,  wing  covers,  longerons,  and 
frames.  High-cost  steps  in  the  manufacturing  process  were  to  be  identified  so 
that  their  occurrence  in  future  designs  could  be  recognized.  Structural  concepts 
had  to  lie  categorized,  materials  identified,  comparisons  made  to  a baseline  con- 
struction method,  and  cost  ratios  developed  in  the  form  of  complexity  factors. 
These  values  could  then  be  made  available  for  normalization  against  the  current 
data  base. 

Cost  data  were  also  available  for  design  and  tooling  of  the  advanced  structure 
wing  carry -through  box,  manufacturing  estimates  had  been  made  for  assumed 
production  quantities.  These  data  provide  the  basis  for  analyses  to  determine 
increments  of  cost  attributable  to  the  advanced  technology  represented  and,  in 
the  case  of  learning  curves,  to  determine  change  in  slopes  as  well  as  initial 
costs. 


2.3.2  RAW  MATERIAL  COSTS.  The  current  estimating  method  uses  an  estimat- 
ing relationship  of  the  following  form  for  estimating  the  cost  of  structural  material 
for  primary'  and  secondary'  structure: 

G 

M = WD  (RMC)  (SF) 

where 


M = material  cost  for  structural  components 
WD  = weights  of  the  components  being  estimated 
G = weight-cost  scaling  exponent 
RMC  = raw  material  cost  per  pound  by  component 
SF  = scrappage  factor  related  to  the  material  and  component  estimated. 

For  primary  structure,  this  form  is  expanded  to  provide  additive  expressions  for 
up  to  three  different  types  of  material  in  a given  component.  Each  term,  except  G, 
is  expressed  as  a series  indexed  to  correspond  to  the  component  estimated.  The 
terms  RMC  and  SF  have  different  meanings  and  values,  depending  upon  whether 
primary  or  secondary  structure  is  being  considered.  Tables  have  been  developed 
for  primary  and  secondary  structure  for  each  term,  except  in  the  case  of  the 
secondary  structure  scrappage  factor. 

During  this  study,  these  look-up  tables  were  expanded.  In  the  case  of  raw 
material  costs,  a cost  per  pound  matrix  relating  raw  material  cost  to  different 
material  product  forms  was  developed.  This  Is  necessary  to  differentiate 


22 


low-cost  forms  such  as  sheet  and  billet  from  more  expensive  forms  such  as  forg- 
ings anti  formed  extrusions. 

In  the  case  of  scrappage  factors,  expansion  is  needed  to  allow  for  the  direct  input 
of  multiple  scrap  factors  associated  with  scrap  due  to  material  removal  and  scrap 
due  to  damaged  or  inferior  quality  parts.  Scrap  factors  should  be  related  to  type 
of  construction  and  type  of  material. 

2.3.3  CONSIDERATION  OF  ADDITIONAL  ASSEMBLY  TECHNIQUES.  In  the  cur- 
rent estimating  method,  assembly  costs  are  estimated  by  a series  of  cost  estimat- 
ing relationships  for: 

a.  Subassembly  of  primary  structure  element:  ribs,  frames,  spars,  longei'ons, 
and  covers 

b.  Basic  structure  assembly 

c.  Subassembly  of  secondary  structure  elements  with  elements  determined  by 
the  component  being  estimated. 

d.  Secondary  structure  assembly 

e.  Primary  assembly 

f.  Major  mate 

The  CERs  used  in  each  category  are  described  in  Appendix  A.  This  body  of  CERs 
is  sensitive  to  the  cost  of  assembly  through  a series  of  size  parameters  and  esti- 
mating factors.  The  size  parameters  consist  of  weights  and  dimensional  data. 

The  estimating  factors  relate  size  parameters  to  the  cost  of  various  assembly 
operations. 


For  the  current  estimating  method,  factors  are  based  upon  historical  data  that  re- 
lates to  a limited  set  of  assembly  techniques.  The  study  was  thus  to  be  concerned  with 
determining  the  impact  on  cost  svhen  advanced  techniques  are  used.  Techniques 
considered  were:  (1)  automatic  riveting,  (2)  interfere  nee -fit  fasteners,  (3)  diffu- 
sion bonding,  and  (4)  adhesive  bonding.  Comparisons  of  assembly  costs  using  alter- 
native assembly  techniques  based  upon  selected  manufacturing  samples  were 
needed,  and  modified  factors  needed  to  t>e  determined.  In  addition,  a comparison 
was  to  be  made  of  the  relative  cost  of  assembling  structures  with  and  without  fuel 
storage.  Historical  data  was  ;ilso  analyzed  in  this  latter  case  in  an  attempt  to 
identify  cost  variation  attributable  to  this  design  difference. 


3.3.4  EXALTATION  OF  ( '( iMMONALIT V.  The  introduction  of  commonalitv  into 
a design  may  be  expected  to  reduce  manufacturing  costs.  The  existing  set  of 
C Kits,  as  described  in  Appendix  A,  was  to  be  analyzed  to  determine  ways  in  which 
they  could  be  modified  to  give  effect  to  the  degree  of  commonality  involved  in  a 
particular  design.  In  the  case  of  primary  structure,  since  individual  parts  are 
identified,  it  was  thought  that  this  could  be  accomplished  by  a count  of  similar 
parts.  In  the  case  of  secondary  structure,  a general  factor  related  to  some  scale 
of  commonality  is  needed  for  application  within  the  existing  set  of  secondary  struc- 
ture CEKs. 

3.  3.  5 PRODUCT I(  >N  HATH  EFFECTS.  Studies  have  shown  that  production  rates 
have  an  effect  on  production  costs.  An  improvement  in  method  is  needed  to  give 
effect  to  production  rate  variation.  This  improvement  was  to  be  based  on  a review 
of  the  results  of  other  studies  as  well  as  in-house  studies  to  determine  what  could 
be  incorporated  into  existing  recurring  production  cost  estimating  relationships. 

2, R. (»  LEARN1NO  CURVES.  In  the  current  estimating  method,  recurring  produc- 
tion costs  are  projected  by  means  of  learning  curves  at  the  level  of  detail  used  to 
estimate  first-unit  costs.  I his  provides  for  the  evaluation  of  differences  in  learn- 
ing introduced  by  the  substitution  of  alternative  materials  and  construction  methods 
at  a relatively  low  level  of  detail.  The  algorithm  used  for  calculating  recurring 
cost,  given  the  first-unit  cost,  is: 


Pit 


Cost  estimated  PI 


x 

i 


P2 


where, 

PI  = first-unit  cost, 

P2  = beginning  point  of  the  projection, 

P3  = end  point  of  the  projection, 
i = series  of  production  units  covered. 

In  P I t 

x = - — — , where 
In  2 

PI  = relevant  learning  curve  factor  expressed  as  a decimal  fraction. 

For  a given  hardware  component,  this  calculation  is  repeated  for  each  hardware 
element.  An  input  value  is  provided  for  each  calculation.  Variation  in  this  value 
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occurs  duo  to  the  type  of  cost  involved  (i.e. , detail  fabrication,  subassembly, 
major  assembly,  or  material  cost),  and  due  to  the  type  of  material  and  construc- 
tion of  an  individual  element  of  hardware.  Table  .1  summarizes  the  set  of  inputs 
needed  for  runout  of  detail  fabrication  of  primary  and  secondarv  structure  for  a 
complete  aircraft  basic  structure.  Similar  sets  of  inputs  are  required  for  assem- 
bly and  production  material  cost  runout. 

Table  3.  Learning  Factors  for  Detail  Fabrication  for  Primary 
and  Secondary  Structure. 


Symbol 

tom* 

llnrirontal 

Vertical 

Tutelage 

Nacelle 

Landing  Gear 

PCI  1 

Ribs 

Riba 

Rib* 

F rime* 

Not  uted 

Not  used 

pci2 

Span 

Spar* 

Spar* 

Longeron* 

Not  used 

Not  used 

fCIS 

Covers 

Cover* 

Cover* 

Cover* 

Not  uted 

Not  u«ed 

rein 

Not  utrd 

Not  uted 

Not  u*ed 

Not  uted 

Not  uted 

Not  uted 

FCIS 

1 rading  l.dge 

Leading  Idgr 

Leading  tdge 

Cockpit 

Cowling 

Brake* 

VC  16 

Trailing  T dgr 

(railing  l.dge 

1 railing  Edge 

Note  LG  Door 

Pylon 

Brake  Controls 

PC  1 7 

Aileron* 

lairing* 

F airing* 

Wing  Box 

Main  LG  Door 

Wheel* 

rcia 

Fairing* 

Tip* 

Tip* 

Tail  Attachment 

Not  used 

Tire* 

pc:  19 

Tip* 

Attach  Structure 

Altai  h Structure 

Windshield 

Not  uted 

Oleot 

PCI  10 

Spoiler* 

Arena 

Accra* 

Main  LG  I>oor 

Not  uted 

A ale* 

PC  1 1 1 

1 Up* 

Minfr, 

llin*r» 

I uel  Provision* 

Not  uted 

Drag  Brace* 

PCI  12 

Attach  Structure 

Pivot* 

Rudder 

l.nginr  Provision* 

Not  uted 

Not  uted 

veils 

Acre**  Door* 

Center  Section 

Not  uted 

Du«t  Provision* 

Not  utrd 

Not  uted 

PC  II 4 

Air  Induction 

1 levator* 

Not  uted 

Store*  Provisions 

Not  u*ed 

Not  used 

pens 

High  1 i ft  Dueling 

KaUne  e W eight* 

Not  uted 

Speed  Brake* 

Not  uted 

Not  uted 

PCI  16 

SUt* 

Not  used 

Not  uted 

Cabin  Flooring 

Not  uted 

Not  used 

pc:  1 1 7 

Hinge* 

Not  u*ed 

Not  uted 

Window* 

Not  used 

Not  used 

PCI  18 

Pivot*  1 Fold* 

Not  uted 

Not  uted 

Door* 

Not  uted 

Not  uted 

PCI  19 

Center  Section 

Not  uted 

Not  uted 

Not  uted 

Not  uted 

Not  uted 

PCI  20 

Other 

Not  uted 

Not  uted 

Not  uted 

Not  u*ed 

Not  uted 

PC  1 21 

Not  utrd 

Not  uted 

Not  utrd 

Not  uted 

Not  uted 

Not  used 

Data  is  needed  to  show  the  variation  in  learning  due  to  type  of  material  and  type  of 
construction.  This  would  then  provide  the  basis  for  a table  of  suggested  alterna- 
tive values  to  Ixi  used  as  a source  of  estimating  input  values  required  by  the  exist- 
ing estimating  method. 

2.3.7  COST  MODFL  COMPUTER  PROGRAM  CHANGES.  The  implementation  of 
the  model  logic  changes  derived  from  the  above  studies  were  to  be  accomplished 
in-house  by  AFFDL  personnel.  Suitable  data  describing  such  changes  is  a part  of 
the  above  tasks. 
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SECTION  III 


DISCUSSION  OF  ,.MPKO\  KMKNTS 

3.1  COMPLEXITY  FACTOR  DEVELOPMENT  FOR  ADVANCED  METALLIC 
STRUCTURES.  The  threefold  objective  of  this  task  \v;.s:  (1)  to  develop  specific 
complexity  factors,  within  the  context  of  the  existing  trade  study  method,  for  ad- 
vanced structures  using  data  obtained  from  a wing  carry -through  lx>x  of  an  advanced 
strategic  bomber;  (2)  to  extend  these  factors  by  analog  for  the  development  of  com- 
plexity factors  for  spars,  ribs,  wing  covers,  longerons,  and  frames  as  part  of  the 
existing  method,  representing  materials  and  manufacturing  technologies  exempli- 
fied by  the  wing  carry-through  box;  and  (3)  to  determine  the  impact  of  the  repre- 
sented advanced  technology  on  tooling  factors,  nonrecurring  cost  factors,  compon- 
ent assembly  and  learning  curve  slopes. 

The  following  steps  were  involved: 

a.  The  acquisition  of  data  from  the  Fort  Worth  Division,  AFFDL  sponsored, 
Advanced  Metallic  Air  Vehicle  Structure  development  program.  This 
data  consisted  of  design,  tooling,  fabrication,  assembly  and  material  cost 
data;  weights  data,  data  on  material  and  type  of  construction;  and  material 
form  and  usage  data. 

b.  The  analysis  of  this  data  using  accepted  industrial  engineering  and  cost  analy- 
sis techniques  to  determine  cost-weight  relationships. 

c.  The  development  of  factors  for  fabrication  and  assembly  hours  estimating  at 
the  wing  carry -through  box  level  and  review  of  the  corresponding  reference 
cost  per  pound  values  for  fabrication  and  assembly. 

d.  The  collection  of  weight  and  cost  data  at  the  assembly  and  part  level  and  the 
analysis  of  data  at  these  levels  to  investigate  cost-weight  relationships  and 
to  determine  complexity  relationships  and  reference  cost  factors. 

e.  The  extension  of  these  complexity  factors  by  analogy  to  primary  structure 
parts  (such  as  spars,  ribs,  wing  covers,  longerons,  and  frames)  to  obtain 
revised  complexity  factors  for  the  advanced  technology  involved. 

f.  The  evaluation  of  the  impact  on  tooling  factors,  nonrecurring  cost  factors, 
component  assembly  and  learning  curve  slopes  of  the  technology  represented 
and  the  development  of  corresponding  estimating  factors. 
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Those  developments  Involve  detailed  processes  that  are  described  below.  The  ad- 
vanced structure  upon  which  the  development  is  based  is  illustrated  in  Figure  15. 
This  so-called  "no-box"  box  is  described  in  Reference  .‘3. 

3.1. 1 DATA  COLLECTION.  The  first  step  in  the  process  was  the  collection  of 
data  from  the  records  of  the  Advanced  Metallic  Air  Vehicle  Structure  pro- 
gram sponsored  by  AFI-'DL  and  conducted  by  the  General  Dynamics  Fort  Worth 
Division.  Design,  tooling,  fabrication  and  material  cost  data  and  weights  data 
were  obtained.  These  data  were  in  the  form  of  detailed  fact  sheets  for  each  indivi- 
dual part.  These  data  were  summarized  by  part  and  by  assembly.  The  data  forms 
are  illustrated  by  Figures  lf>,  17,  and  18.  An  individual  data  sheet,  as  illustrated 
by  Figure  16  for  the  Upper  Side  Brace  Support  for  the  Main  Landing  Gear  Fitting, 
was  prepared  for  each  part  of  the  wing  carry-through  structure.  These  individual 
sheets  were  summarized  for  each  assembly,  as  illustrated  by  Figure  17  for  the 
Main  Landing  Gear  Side  Brace  Fitting.  The  assembly  summary  data  was  in  turn 
summarized  for  the  wing  carry -through  structure,  as  illustrated  in  Figure  18. 

The  available  material,  excluding  the  individual  data  sheets,  is  contained  in 
Appendix  B. 

>t  will  be  noted  in  Figure  16  that  the  parts  data  is  in  both  hours  and  dollars  while 
the  summary  data  is  in  dollars  only.  For  use  in  this  study,  these  data  forms  were 
restructured  to  provide  summaries  of  hours  (and  material  dollars).  These  sum- 
maries are  furnished  herewith.  Table  4 summarizes  hours  and  material  dollars 
bv  assembly.  A listing  of  hours,  by  part,  to  the  revised  format  is  given  in  Appen- 
dix C. 

As  the  study  progressed,  the  decision  was  made  to  investigate  cost-weight  and 
complexity  relationships  (based  on  type  of  construction  and  material)  at  the  parts 
level.  The  weights  data  necessary  for  this  was  obtained  from  the  AMAVS  program 
data.  It  is  provided  by  calculated  weights  as  reported  in  AMAVS  weight  report 
FZW-134,  dated  10  December  1074.  The  investigation  was  limited  to  selected 
parts  and  sought  to  sort  out  material  effects. 

First,  subassembly  and  fabrication  were  distinguished.  Then  weights  data  for 
individual  parts  were  collected  from  AMAVS  program  data.  Cost-weight  ratios 
were  calculated.  These  data  appear  in  Table  5.  The  part  level  weight-cost  rela- 
tionships were  then  plotted  against  baseline  data  and  the  results  were  analyzed  to 
investigate  complexity  factors.  These  results  are  described  in  the  following  sec- 
tions. i he  analysis  was  accomplished  only  for  selected  parts  based  on  the  follow- 
ing c riteria:  (1)  Significant  cost  involved,  (2)  Priority  of  consideration  given  to  10 
N teel  and  titanium,  (2  > Part;  deemed  most  relevant  as  analogs,  and  (4)  Weights 
data  available.  Keflc-c  ting  this.  Table  5 does  not  comprise  a complete  list  of  parts. 
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Main  Landing  Gear  Fitting  Geometry 


PRELIMINARY  COST  ESTIMATE 
BASIC  METAirPROCCSSING 


PART  NO. 


NEXT  ASSEMBLY. 


MATERIAL 


- ^ 7H. 


^urPcHfr.UtrK  req.  per  a/c. 
(COST  u±£2. /lbs.)  prod.qty.. 


manufacturing  process. 


METHOD  NO.  /r.  rcsfSC 


MATERIAL 


HOURS 


Figure  16.  Part  Cost  Data  Sheet. 
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Figure  18.  Wing  Carry -through  Structure  Summary. 
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Table  5.  Labor  and  Material  by  Part, 
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Table  5.  Labor  and  Material  by  Part  (Continued). 


9/10  Supt  Fairing,  upper  cover  Machined  Tl  35  579.1  I 16.5  6,913.  198 


Table  5.  Labor  and  Material  by  Pail  (Continued) 


d 


4088-7/8  Support  Macnlned  Ti  19  152.5  8.  1,612 


Table  5.  Labor  and  Material  by  Part  (Continued). 


Material 

a 

52. 

14. 

46. 

26. 

78. 

110. 

104. 

00 

to  c4  .-4  V 

to  CO  Cft 

Do'lar* 

$11,871. 

7,671. 

15,575. 

7,686 

5,641 

658. 

519. 

m ao  ao 

e-4  CM  f-  ^ Gi 

ir.  t>  <r> 

t”  H 

% ¥* 

Fabrication  and  QA  Hr* 

s a 

X 

1.7 

.2 

.24 

1. 

.3 

.6 

1.6 

.8 

4.2 

13.5 

23.5 

_ 

3.6 

.7 

1.6 
4.9 

21.2 

Detail 
F abr . 

1037.4 

222.  4 
159.2 

545.9 

249.0 

301.7 
80.9 

117.7 

4170.0 

412.  4 
212.1 

Subas- 

sembly 

240.7 

188.7 

408.6 

209.5 

66.4 

J « 

604 

1503 

768 

230 

538 

632 

336 

296 

72 

6 

5 

(1011) 

292 

252 

13 

10 

Type  ot 
Material 

10  Nt  St 
10  Ni  St 
10  Ni  St 
10  Ni  St 
10  Ni  St 
10  NI  St 
18  Ni  St 
10  NI  St 
10  NI  St 
Ti 
T1 

Tl 

Ti 

Type  of 
Con  at  ruction 

Machined 

Weld-GTA 

Weld-GTA 

Machined 

Machined 

EB  Weld 

Machined 

Machined 

Machined 

Machined 

Machined 

Adhesive 

Bonding 

Machined 

Bonded 

Machined 

PART  NAME 

I 

« ^ 

£ _ CM 

w w 73  O <Ti 

6 8 ? 5 8 I J* 

] ! 1 1 ! 1 1 1 „ « 1 j :■  5 

2 a"  ala 

li 

4090- 7/8 

4091- 1/2 
4091-7/8 

4093- 7/8 

4095- 7/8 

4091- 9 

4092- 7 

4094- 7 

4096- 7 
4098-7/8 
4098-9/10 

4060 

4061-1 

4061- 7 

4062- 1 
4067-7/8 
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Table  5.  Tabor  and  Material  by  Part  (Continued). 


4111-9,23  Core  Fabricated  P022-1D  5 25.3  5.  183 


Table  5.  Labor  and  Material  by  Part  (Continued) 


4030-1/2  Closure  Rib  In  stall  atioa  Bolted  Assy  Al,  Tl  (586)  168.4 


fable  5.  l abor  and  Material  by  Part  (Continued) 


•10 


d 


4132-7  Flange  Machined  A1  12  32.9  2.7  243 


Table  5.  Labor  and  Material  by  Part  (Continued) 
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3.  1.2  COST -WEIGHT  RELATIONSHIPS.  A preliminary  analysis  was  made  of 
the  parametric  relationships  between  weight  and  cost  for  the  assembly  level  data. 
These  relationships  are  shown  in  Table  6.  In  addition,  certain  measures  of  cen- 
tral tendency  were  computed  for  selected  relationships:  the  arithmetic  mean,  the 
standard  deviation  and  the  coefficient  of  variation,  for  fabrication  hours  per  pound 
(including  quality  assurance),  tool  manufacturing  hours  per  pound,  fabrication 
material  dollars  per  pound,  and  tool  planning  hours  per  pound. 

By  inspection  of  the  data  in  this  table,  it  can  be  observed  that  several  examples  of 
machined  titanium  occur.  The  results  of  this  further  analysis  are  given  in  Table 
7.  These  results  are  used  for  machined  titanium  structure  after  being  related  to 
baseline  values. 

3.  1.3  ESTIMATING  FACTOR  DEVELOPMENT.  In  the  present  trade  study  esti- 
mating method,  the  wing  carry-through  structure  is  categorized  as  secondary  struc- 
ture at  an  aggregate  level.  Estimating  factors  were  developed  at  this  level  based 
on  the  cost  estimating  relationships  defined  for  the  method.  These  relationships 
are  as  follows: 

1 1 ) Detail  Fabrication  Hours  for  Secondary  Structure* * > 

Ei 

CB  (WC  ) (WD  ) 

i l i 


detail  fabrication  hours,  secondary'  structure 

a series  of  complexity  factors  corresponding  to  component 
type  related  to  fabrication 

a series  of  reference  cost  per  pound  values  for  secondary 
structure  components  related  to  fabrication  labor 

a series  of  weights  for  the  secondary  structure  com- 
ponents  being  estimated 

a series  of  weight  scaling  exponents  for  secondary 
structure  components  related  to  fabrication  labor. 


where 


H 

i 

CB 


l 


WC 


WD 


(1)  Equation  (10),  Page  70,  Reference  1. 


Table  6.  AMAYS  VVCTS  - Assembly  Level  Cost  Weight  Relationships. 


Standard  Deviation 
Coefficient  of  Variation:  S/X 


Table  7.  AMAVS  WCTS  - Machine  Titanium  Cost/Weight  Relationships. 


1 2 ) Subassembly  Hours  tor  Secondary  Structure  ( ' ' 

F 

CC  (WF.)  (WD  ) 1 
1 i l 


subassembly  hours,  secondary  structure 

a series  of  complexity  factors  corresponding  to 
component  type  related  to  subassembly 

a series  of  reference  cost  per  pound  values  for 
secondary  structure  components  related  to  fabrication 
labor 

the  same  series  of  weights  as  for  detail  fabrication 

a series  of  weight  scaling  exponents  for  secondary 
structure  components  related  to  subassembly  labor. 

Estimating  coefficients  consist  of  the  reference  cost-per-pound  terms  WC.  and 
WF  and  the  complexity  factors  CB.  and  CC,.  The  original  data  base  for  the  wing 
carry-through  structure  is  Illustrated  in  Figures  19  and  20. 

The  wing  carry-through  structure  had  been  categorized  as  secondary  structure 
in  the  Reference  1 study  largely  as  a matter  of  convenience,  inasmuch  as  costs 
were  not  analyzed  at  a detailed  level.  In  this  study  the  wing  carry-through 
structure  is  classified  as  primary  structure  and  analyzed  at  a corresponding 
level  of  detail.  The  estimating  technique  was  driven  to  this  lower  level  of 
indenture.  This  development  is  discussed  and  Illustrated  below,  based  on  the 
costing  concept  illustrated  in  Figure  21. 

The  concept  relies  on  a CER  that  relates  the  definition  of  a given  hardware 
element  in  terms  of  size  and  relative  complexity  of  manufacture.  The  analysis 
leading  to  the  definition  of  size  is  performed  by  the  various  design  and  weight  syn- 
thesis programs  used.  Size  is  usually,  but  not  always,  defined  in  terms  of  weight. 
Complexity  is  defined  in  terms  of  type  of  material  and  type  of  construction  and  is 
symbolized  by  a numerical  complexity  factor.  In  the  case  of  primary  structure, 
the  CER  uses  a complexity  weighting  according  to  the  mix  of  types  of  construc- 
tion and/or  material  and  uses  this  as  a multiplier  of  a baseline  cost  per  pound 


where 


H 

i 

CCi 

WF. 


WD. 


(1)  Equation  (11),  page  74,  Reference  1. 
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HOURS  PER  POUND 


1,000  | 


100 


> B 68  (EST) 


F 102/106  TYPE: 

• BORON  ALUMINUM  (EST) 
•ALUMINUM 


10 


-880  (EST) 


A(X> 


' C-141  HOR 


AOV,  WING  CARRY-THROUGH  BOX  (EST) 


100 


WEIGHT  (LB) 


Figure  19.  Wing  Carry-through  Box  Detail  Fabrication 
Hours  Per  Pound  Against  Weight.  (Figure 
F-3(>  in  Reference  1.) 
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Figure  20.  Wing  Reaction  Box  Subassembly  Hours  Per 
Pound  Against  Weight.  (Figure  F-79  in 
Reference  1. 1 


Figure  21.  Costing  Concept 


coefficient.  It  then  scales  this  product  against  the  weight  of  the  component  using  a 
baseline  scaling  exponent.  Historical  cost  data  is  used  in  developing  the  baseline 
cost  j>er  pound  and  in  establishing  that  the  scaling  exponent  can  be  considered  as  a 
constant.  Thus  for  primary  structure,  the  CER  form  allows  for  consideration  of 
three  different  material  or  construction  types.  In  the  case  of  secondary  structure, 
the  concept  remains  the  same  but  since  the  mix  of  types  of  construction  and  material 
does  not  frequently  occur  at  the  level  of  breakdown  of  the  secondary'  structure  com- 
ponents, the  weighting  of  complexity  factors  is  not  provided  for. 

The  translation  of  this  concept  to  the  CER  form  used  is  illustrated  in  Figure  22. 

Use  of  the  CER  requires  the  following: 

a.  The  determination  of  means  of  estimating  suitable  size  parameters. 

b.  The  development  of  standard  definitions  of  type  of  material  and  construction. 

c.  A means  for  selecting  quantified  complexity  factors. 

d.  The  use  of  historical  cost  data  to  develop  baseline  estimating  coefficients. 

e.  The  formulation  of  estimating  relationships  using  the  above  factors. 

The  estimation  of  size  parameters  in  an  iterative  fashion,  with  consideration  of 
sizing  effects,  is  accomplished  by  means  of  the  supporting  structural  synthesis 
programs,  coupled  with  preliminary  design  and  vehicle  sizing  activities  (the  re- 
quired parameters,  i.e. , model  inputs,  can  be  developed  manually,  however,  for 
a point  estimate.)  Definitions  of  material  and  construction  types,  in  the  case  of 
primary  structure,  are  based  on  those  used  for  structural  synthesis  and  weight 
estimation.  In  the  case  of  secondary  structure,  definitions  are  based  on  standard 
weight  statement  definitions.  In  the  previous  study,  complexity  factors  were  de- 
veloped and  summarized  in  a series  of  tables  to  support  the  estimating  of  the  de- 
fined types  of  material  and  construction.  These  tables  are  included  in  the  Estimat- 
ing Handbook,  Reference  1.  Update  of  this  information  is  continued  by  this  study. 

The  steps  in  the  derivation  of  baseline  estimating  coefficients  are  outlined  in 
Figure  23.  The  starting  point  is  the  historical  cost  data  collected  for  each  type 
of  cost  for  a given  component  of  a hardware  element.  An  example  is  Figure  19, 
which  shows  hours  per  pound  against  weight  as  the  size  parameter  for  wing  carry- 
through  box  detail  fabrication.  Normalized  data  is  produced  by  adjusting  each 
data  point  by  its  corresponding  complexity.  This  involves  identifying  the  type  of 
construction  and  material  represented  and  dividing  the  data  point  by  the  corres- 
ponding complexity  value.  The  effect  of  this  process  is  to  normalize  all  data 
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Figure  22.  C'ER  Form  for  Costing  Concept 


Figure  23.  Derivation  of  Estimating  Coefficients 


points  to  the  type  of  construction  and  material  to  which  the  complexity  is  referenced. 
Applying  this  process  to  each  of  the  data  points,  results  in  the  adjustments  shown 
in  Figure  24. 

The  next  step  is  the  fitting  of  a curve  to  the  data.  This  step  is  also  illustrated  in 
Figure  24.  A basic  assumption  is  made  at  this  point:  that  the  scaling  of  hours  per 
pound  with  weight  is  a constant  of  determinable  value. 

The  combination  of  the  above,  which  in  actual  practice  is  accomplished  by  input  to 
the  computer  program,  completes  the  formulation  of  the  estimating  relationship. 

The  assembly  level  analysis  was  accomplished  next.  The  data  contained  in  Table  8 
was  used  in  plotting  various  scatter  diagrams,  Figures  25  through  28.  These  data 
were  developed  by  combining  the  information  in  Table  4 and  Table  5 in  the  following 
manner:  Table  5 provides  the  breakout  of  subassembly  and  detail  fabrication,  ex- 
cluding low  cost  parts.  Table  4 gives  the  total  value  for  manufacturing  and  quality 
assurance  hours.  These  are  added,  and  detailed  fabrication  and  subassembly  hours 
from  Table  5 (and  excluding  Quality  Assurance)  are  proportionately  increased  to  the 
Table  4 total.  Weight  data  is  from  Table  4.  The  plots  in  Figures  27  and  28  are 
further  analyzed  to  illustrate  assembly  level  results. 

Analysis  of  Figure  27 


Based  on  previous  observations  of  the  relationship  between  cost  per  pound  and 
weight,  we  assume  a relationship  of  the  form,  V = ax*\  (1) 


This  reduces  to  the  log-linear  form, 
log  Y = log  a + b log  x 

The  normal  equations  corresponding  to  the  least  squares  line  are 

Iy--a  N + a Ex  andExY  =a  Ex  + a Ex~ 
o 1 o 1 


from  which- 


_ (Ey)(ExZ)  - (Ex,],  (ExYj 
nEx2  - (Ex,2 

= nExy  - (Ex>  (Ev) 

nEx2  - (Ex)2 


and 


Calling  I»g  Y Y ami  Log  x - X,  equation  (2)  can  be  rewritten  as 

Y = a + a,X  where 
o 1 


(2) 
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WEIGHT  (LB) 


Figure  24.  Normalized  Data  - Rib  Detail  Fabrication 
(Fifturo  F-36  in  Reference  1.) 


Table  8.  Summary  of  Fabrication  and  (}A  Hours  Broken 
Down  by  Detail  Fabrication  and  Subassembly. 
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Figure  25.  Wing  Carry-through  Box  Assemblies  - Detail 
Fabrication  Hours  Against  Weight. 
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a log  a and  a^  b.  Table  9 gives  the  necessary  detailed  calculations 


Then , 


(9.  21G)(9S.  .'i.'i-l)  - (57.591X21.744) 
°g  a 15  (98.334)  - 1413.1 


900.  240  - 817.379  88.87 


1.4355,  and 


"l  ~ b 


1475.01-1413.1  01.91 

a =27.20 

= 15  (21.744)  - (37.591)  (9.210)  320.  10  - 340.44 


15  (98.334)  - 1413.1 
-20. 28 


01.91 


01.91 


- -.33 


and 


..-.33 


Y = 27. 2GX 

At  X 1000  lbs.  , Y = 2.79,  giving  the  l>ost— fit  curve  shown  in  Figure  27. 
The  standard  error  of  the  estimate  of  Y on  X is  given  by  the  following: 


.2 


£Y'  - aoEv  - “,£XY 


Y • X 


N 

= 0.  771  - (1.430)  (9.  210)  - (-.33)  (21.744) 

15 

0. 771  - 13.23  < 7. 175 

15 


Y • X 

SY  • X 
or 

S. 


0.710 

15 


.0477 


- .218,  where  Y = log  Y 


= 10 


218 


Y • X 

Analysis  of  Figure  28 

Fsing  the  same  method  as  for  Figure  27,  Table  10  gives  detailed  calculations. 
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Table  9.  Calculation  of  Statistics  for  Detailed  Fabrication, 


05 

CO 

CO 

-V 

rH 

© 

CO 

CM 

© 

© 

© 

© 

© 

-r 

CM 

CO 

rH 

05 

CM 

in 

-t 

rH 

in 

CM 

© 

*r 

CM 

00 

in 

00 

m 

CM 

© 

CO 

IH 

in 

m 

© 

rH 

r- 

> 

CM 

rH 

rH 

rH 

rH 

o 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

© 

rH 

© 

x 

II 

s 

w 

O 

CO 

CO 

rr 

co 

CM 

-V 

© 

© 

rH 

© 

© 

© 

-V 

© 

rH 

CO 

$ 

05 

in 

CM 

00 

** 

© 

© 

© 

© 

r— < 

05 

rH 

05 

m 

rH 

CM 

© 

rH 

© 

© 

CM 

© 

to 

CO 

co 

rH 

© 

© 

in 

co 

© 

CM 

CM 

oo 

X 

rH 

rH 

© 

II 

© 

X 

W 

CM 

CM 

rH 

CO 

s 

© 

© 

© 

© 

© 

CM 

rH 

t- 

CO 

co 

CM 

© 

© 

© 

© 

© 

© 

© 

© 

lO 

CO 

CO 

o 

rH 

in 

CM 

© 

© 

© 

© 

© 

l> 

s* 

© 

© 

o 

© 

© 

o* 

©# 

© 

© 

© 

© 

© 

© 

rH 

© 

CO 

II 

© 

>• 

W 

>* 

CO 

o 

CO 

co 

co 

o 

© 

rt* 

t> 

8 

rH 

rH 

rH 

© 

bfi 

IH 

CM 

m 

rH 

CM 

CO 

00 

CM 

H< 

© 

© 

Tf 

© 

rH 

o 

© 

00 

r- 

CO 

co 

CM 

CO 

H< 

in 

co 

© 

rH 

© 

© 

• 

# 

• 

• 

• 

a 

• 

# 

• 

• 

• 

II 

© 

o 

o 

o 

o 

o 

© 

© 

© 

© 

© 

© 

© 

rH 

© 

© 

s* 

II 

>< 

w 

X 

bl 

o 

05 

o 

CM 

m 

$ 

CO 

CO 

© 

© 

© 

© 

© 

rH 

CM 

CO 

CM 

CM 

o 

a 

s 

oo 

© 

© 

§ 

tH 

© 

CM 

tH 

© 

C*- 

© 

8 

3 

© 

© 

o 

CM 

CM 

CM 

CM 

CM 

rH 

CO 

CM 

CO 

© 

CM 

CM 

CM 

rH 

CO 

t> 

II 

© 

X 

II 

X 

W 

G1 


d 


4 


Then , 


a = log  a 


(-1.230)  (80.185)  ~ (20.101))  (-5.077) 
11  (80. 185)  - 847.3 


-99.  1 * (-147.8)  = 48.7 
552  - 847.3  34.7 

= 25.3 


= 1.  403 , and 


“i  = b 


Then 


11  (-5,  077)  - 29.  109)  (-1.  23G > -55.  847  + (’35.98) 


34.7 


34.7 


-19.87 

34.7 


-.573 


= .573 


Y = 25.3  X 
At  X = 10,  Y = 6.7G  and 

at  X = 1000,  Y = . 483,  giving  the  best-fit  curve  shown  in  Figure  28. 

The  standard  error  of  the  estimate  of  Y on  X is 


Y • X 


2.587  ~ d.403  x (-1.236))  - (-.573)  (-5.077) 

11 


2.587  + 1.734  - 2.909 
11 


= .128 


where  Y = Log  x . 


For  Y , 


S 


Y 


X 


. 128 

10 


1.343 


The  coefficient  of  variation  (the  standard  error  of  the  estimate  divided  by  the  mean 
value  of  Y)  provides  a measure  of  the  usefulness  of  the  equation  for  estimating  Y. 
Values  of  Y are  given  in  Table  8.  The  coefficient  of  variation  for  detail  fabrication 
hours  per  pound  is, 


CV 


SF  1.65 
Y 4.96 


. 33 


The  coefficient  of  variation  for  subassembly  hours  pound  is, 


CV 


1.07 
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The  relative  estimating  value  of  the  relationships  for  detail  fabrication  and  subassembly 
are  indicated  by  the  coefficients  of  variation:  0.33  and  1.07  respectively. 

The  next  step  in  the  analysis  was  to  attempt  to  discern  any  stratification  in  the  data 
attributable  to  type  of  material  or  type  construction.  First,  if  we  look  at  the  out- 
liers, assemblies  1000,  5160,  3920,  -4130,  and  1170,  we  see  types  of  material  and 
construction  as  shown  in  Table  11.  This  does  not  vary  from  that  represented  by 
the  remaining  assemblies.  No  discernible  stratification  presents  itself. 

Table  11.  Dispersion  of  Data  by  Material  and  Construction  Type. 


Assembly 

Type  of 

Type  of 

No. 

Construction 

Material 

4006 

Machined 

Aluminum 

4160 

Rivet  and  Bolt 

Alum  — T 

i 

3920 

Weld  & Machine 

Titanium 

4130 

Machined 

Alum  ~~  T. 

l 

4170 

Bonded 

10  N.  ~ T.  ~ A 1 
1 it 

3.  1.4  COMPLEXITY  FACTORS.  The  assembly  level  as  represented  in  Table  4 is 
essentially  the  level  at  which  the  basic  method  was  structured  for  the  estimation  of 
primary  structure.  These  assemblies,  consisting  of  ribs,  bulkheads,  covers, 
fittings,  and  plates,  were  expected  to  serve  as  the  basis  for  extending  estimating 
factors  for  detail  fabrication  and  subassembly  to  cover  the  advanced  materials  and 
construction  methods  represented. 

The  estimating  concept  and  the  concept  for  developing  baseline  coefficients  and 
complexity  factors  were  reviewed  earlier  in  this  section.  In  that  discussion  it 
was  pointed  out  that  complexity  values  were  derived  from  industrial  engineering 
analyses  and  were  used  to  normalized  historical  data  by  material  and  type  of  con- 
struction. A baseline  estimating  coefficient  was  defined  as  the  value  of  a dependent 
variable,  hours  per  pound,  with  the  independent  variable,  weight,  at  a value  of  one 
pound,  anti  with  the  functional  relationship  being  determined  by  a log-linear  expres- 
sion having  a predetermined  slope  and  passing  through  a selected  data  point  repre- 
senting a reference  type  of  construction  and  material.  This  same  reference  was 
then  used  for  normalizing  complexity  factor  values.  Complexity  factor  values 
determined  by  industrial  engineering  analysis  would,  ideally,  account  for  the  dis- 
persion of  data  about  the  estimating  line.  The  extent  to  which  they  do  is  partially  a 
measure  of  the  validity  of  the  factor  but  not  completely  because  of  various  other 
effects  that  can  enter  the  picture. 
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In  this  study,  however,  complexity  is  determined  bv  determining  the  ratio,  when 
normalized  by  weight,  of  a given  data  point  in  the  advanced  structures  data  base  to 
t Ik*  previously  established  baseline  coefficient.  This  means  that  actual  data  is  being 
used  to  establish  complexitv  factors  rather  than  comparisons  achieved  through  the 
previously  used  industrial  engineering  method.  The  kev  factor  in  determining  these 
ratios  is  that  they  i x*  properly  referenced  to  the  types  of  material  and  construction 
involved.  This  again  involves  the  problem  of  categorization. 

The  development  of  baseline  estimating  coefficients  is  not  markedly  affected  by  the 
addition  of  the  advanced  structure  data  points.  The  original  development  of  these 
coefficients  can  lx;  explained  by  reference  to  Figure  29,  which  is  a hypothetical  con- 
struct. Assume  a set  of  data  points,  as  shown,  with  four  of  them,  those  labeled  R, 
representing  the  same  type  of  material  and  construction  and  with  four  other  types 
represented  by  |X)ints  A,  B,  C and  I).  Original  points  are  represented  by  solid 
circles  while  the  dotted  circles  are  a hypothetical  representation  of  points  normal- 
ized by  division  by  complexity  factors  for  the  corresponding  types  of  construction 
and  material.  If  the  complexity  factors  were  a complete  and  accurate  measure  of 
cost  differences  and  if  no  anomalies  existed,  normalization  by  these  factors  would 
result  in  data  points  that  fell  on  a straight  line  for  all  types  of  material  and  construe 
tion.  The  described  line  could  then  be  used  with  high  confidence  as  an  estimating 
baseline  to  develop  a baseline  estimating  coefficient.  In  fact,  however,  consider- 
able dispersion  still  remains  after  the  normalization.  The  selection  of  a baseline 
coefficient  therefore  proceeds  as  follows. 

First,  this  coefficient  should  represent  the  same  type  of  material  and  construction 
as  used  in  the  normalization  of  complexity  factors.  Typically,  this  will  lx*  a type 
having  a meaningful  number  of  data  points,  such  as  R in  Figure  29.  When  tins  is 
the  case,  the  reference,  or  estimating  line,  is  drawn  with  the  predetermined  slope 
in  a freehand  manner.  In  the  case  where  the  baseline  is  represented  by  only  a 
single  point,  the  estimating  line  will  normally  lx-  drawn  through  that  point.  The 
baseline  estimating  coefficient  is,  in  any  case,  the  hours  per  pound  value  at  a 
weight  of  one  pound.  It  should  also  be  noted  that,  in  addition  to  the  scaling  of  hours 
per  pound  by  weight,  the  baseline  hours  per  pound  scale  by  quantity , since  the 
value  determined  above  is  a first  unit  value. 

The  final  step  is  to  use  the  wing  carry -through  box  data  to  develop  complexity  fac- 
tors for  the  types  of  material  and  construction  represented  by  the  data.  The 
pertinent  data  were  plotted  on  the  respective  charts  of  the  Estimating  Handbook. 
These  data  are  obatined  from  Table  5.  At  the  detailed  part  level,  the  breakdown 
between  detailed  fabrication  and  subassembly  hours  is  identified.  At  the  subassem- 
bly level,  however,  only  detailed  fabrication  hours  are  segregated.  This  is  because 
part  of  the  subassembly  task  is  included  in  the  figure  for  final  assembly  of  the  wing 
carry -through  structure. 
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The  plotting  of  these  data  involved  a number  of  considerations  and  judgments: 

a.  Plotting  the  lower  pivot  lug,  Part  No.  417.'>-7,  e-  a spar  gives  the  results 
shown  in  Figure  30.  (The  vcight  of  the  pivot  lug  indicates  treating  it  as  a 
spar  rather  than  a rib. ) The  data  point  Is  far  below  the-  previously  developed 
reference  estimating  line  as  indicated  in  Figure  30.  Calculation  of  a com- 
plexity factor  gives  a value  of  0.  la,  which  indicates  a substantial  cost  reduc- 
tion due  to  the  new  technology . The  other  data  points  in  Figure  30  represent 
ship  sets  of  spars  for  various  aerody  namic  surfaces.  This  means  that,  for 
the  weight,  m j re  different  designs  are  represented.  This  is  most  likely  an 
added  cost  facto  i . 

b.  Plotting  the  lower  plate  and  lug  assembly,  Part  No.  1170-1,  on  Figure  30 
gives  the  results  shown.  A complexity  factor  of  0.333  is  calculated. 

c.  Plotting  the  remainder  of  the  parts  making  up  the  lower  plate  and  lug  assem- 
bly was  not  accomplished  because  of  their  smaller  size. 

d.  The  lower  fairing  assembly  . Part  No.  4100,  is  plotted  on  Figure  31,  together 
with  the  reference  estimating  line,  with  the  results  shown.  The  complexity 
factor  in  this  case  is  0.99. 

e.  The  upper  cover  assembly,  Part  4010,  is  plotted  as  a fairing  and  as  a cover 
in  Figures  31  and  32,  respectively.  As  a fairing  the  complexity  factor  is 
0.70.  Figure  32  shows  the  results  of  covers  and  a complexity  factor  of  2.0. 
The  upper  cover  assembly  comprises  pivot  lugs,  beams,  stiffeners,  skin, 
skin  panels,  cores,  edge  members,  and  fittings,  which  makes  it  more  in- 
volved than  the  typical  cover  assembly.  Other  plots  were  made  in  Figure  32 
of  skin  panels,  Part  No.  4150-1  and  Part  No.  4151-1/2. 

f.  Bulkheads  can  appear  in  either  the  wing  or  fuselage  so  Part  Nos.  4080-1  and 
4000-  are  compared  to  lx>th  ribs  and  frames.  Figure  33  and  34  respectively. 
Considered  as  a rib,  from  Figure  33,  the  complexity  factors  are  0.72  for  the 
forward  bulkhead  and  0.48  for  the  aft  bulkhead.  Considered  as  frames,  the 
complexity  factors  are  0.38  and  0.25,  respectively.  Review  of  Figure  34 
lead  to  a change  in  the  baseline  estimating  coefficient  from  100  to  81  hours 
per  pound. 

g.  The  centerline  rib,  Part  No.  4110,  the  Xjr  39  rib,  Part  No.  1120,  the  clos- 
ure rib,  Part  No.  1030,  and  the  Xj,-  84  rib.  Part  No.  1130,  are  plotted  on 
Figure  33,  with  complexity  factors  of  0.47,  0.53,  0.70  and  0.32,  respec- 
tively. 
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Figure  30.  Spar  Detail  Fabrication  Hours  Per  Pound 
Against  Weight.  (Figure  F-2  of  the 
Estimating  Handbook  with  the  ordinate 
scale  shifted. ) 
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AMAVS-  4150  1 


C-141  HOR 


HOURSPER  POUND 


AMAVS- 
FWD  BULKHEAD 


AMAVS - 
AFT  BULKHEAD 


h.  Separate  factors  were  developed  for  aerodynamic  surface  and  fuselage  covers. 
Plotting  the  cover  and  skin  panel  data  from  Figure  32  against  fuselage  data  gives 
the  results  shown  in  Figure  35.  The  resulting  complexity  factors  are  upper  cost 
assembly,  0.94,  part  No.  4151,  skin  panel,  0.42  and  part  No.  4150,  skin  panel, 

0. 103. 

i.  Part  No.  4118-7/8  is  a longeron.  The  data  point  is  plotted  in  Figure  36  with  a 
resulting  complexity  factor  of  0. 17. 

j.  Part  No.  4006,  pivot  lug,  and  part  No.  3901,  the  wing  sweep  actuator  support 
fitting  are  plotted  in  Figure  37  resulting  in  complexity  factors  of  0.31  and  1.44 
respectively. 

k.  Four  trunnions  or  fittings  from  the  AMAVS  wing  carry-through  structure  are 
plotted.  Detailed  fabrication  hours  are  shown  in  Figure  38.  A reference  estimat- 
ing line  was  not  shown  in  the  Estimating  Handbook.  The  line  shown  on  Figure  38 
represents  an  average,  first  unit,  one  pound  value  of  36  hours  per  pound  for 
machined  titanium.  Subassembly  hours  are  plotted  in  Figure  39  with  a first  unit, 
one  pound  value  of  16  hours  (average  value). 

l.  Total  detail  fabrication  hours  for  the  wing  carry-through  section  are  plotted  in 
Figure  40  based  on  data  from  Table  8.  The  complexity  factor  resulting  at  this 
level  is  0.83.  For  subassembly  hours,  the  results  are  shown  in  Figure  41.  This 
complexity  factor  is  0.89. 

The  resulting  complexity  factors  are  summarized  in  Table  12.  These  factors  indi- 
cate complexity  vis-a-vis  the  corresponding  estimating  reference  as  determined  from 
the  data  shown  in  the  figures  referenced  in  Table  12.  The  materials  and  types 
of  construction  represented  by  these  data  were  discussed  in  Reference  1.  These 
figures  also  provide  a means  of  relating  the  AMAVS  results  to  previously  determined 
complexity  factors. 

The  relationship  and  comparison  of  AMAVS  data  to  previously  developed  complexity 
factors  shows  one  significant  point:  AMAVS  costs  generally  appear  to  be  less  than  the 
cost  of  other  representative  structural  elements.  This  gives  rise  to  the  questions: 

To  what  extent  is  this  indicative  of  the  new  design  and  repeatable;  to  what  extent  is  it 
due  to  the  fact  that  the  item  is  experimental  and  one  of  a kind;  and  to  what  extent  is  it 
due  to  the  item  being  pure  structure,  uncomplicated  by  subsystem  installations?  Since 
there  has  been  no  activity  to  develop  quantitative  measures  of  these  effects,  these 
questions  will  be  answered  qualitatively.  Several  production  factors  lead  to  the  con- 
clusion that  the  resulting  cost  savings  are  indicative  of  the  ne' • design  and  repeatable: 

a.  The  basic  de  ign  took  produclbility  into  account.  Tolerances,  cutter  radii,  slo|H> 

;«  *.!<  m!  .i her  o r ore  given  careful  consideration. 
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HOURS  PER  POUND 


HOURS  PER  POUND 


HOURS  PER  POUND 


Figure  37.  Pivots  and  Folds  Detail  Fabrication  Hours 
Per  Pound  Against  Weight.  (Figure  F-28 
of  the  Estimating  Handbook  with  the 
ordinate  scale  shifted. ) 
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HOURS  PER  POUND 


1 10  100  1,000 

WEIGHT  (LB) 


Figure  38.  Axles,  Trunnions  and  Fittings  Detail  Fabrication 
Hours  Per  Pound  Against  Weight.  (Figure  F-56 
of  the  Estimating  Handbook. ) 
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WEIGHT  (LB) 


Figure  39.  Axles,  Trunnion  and  Fittings  Subassembly  Hours 
Per  Pound  Against  Weight.  (Figure  F-99  of  the 
Extlmating  Handbook. ) 


i ■ 
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HOURS  PER  POUND 


1,000 


WEIGHT  (LB) 


Figure  40.  Wing  Carry-through  Box  Detail  Fabrication 
Hours  Per  Pound  Against  Weight.  (Figure 
F-36  of  the  Estimating  Handbook. ) 


7!) 


Figure  41.  Wing  Carry-through  Box  Subassembly 

Hours  Per  Pound  Against  Weight.  (Figure 
F-79  of  the  Fstimating  Handbook.) 


Table  12.  Complexity  Comparison  for  AMAVS  WCTSto  Conventional. 
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b.  Tools  were  built  with  Numerical-Control  procedures. 

c.  Holes  were  design  coordinated.  The  engineering  graphics  group  established 
coordinates  for  each  hole.  Holes  were  numbered,  a tabulation  was  printed,  and 
the  information  was  given  to  the  machine  shop  and  the  tooling  shop.  Errors  were 
greatly  reduced  due  to  the  more  precise  control,  tetter  coordination  and  reduction 
in  the  requirement  for  multiple  measurements.  Set-up  time  was  minimized  and 
alignment  errors  during  assembly  were  greatly  reduced. 

It  is  not  clear,  in  this  case,  in  which  direction,  greater  or  less  cost,  the  experimental 
and  one  of  a kind  factors  operated.  It  is  thought,  however,  that  the  effect  is  negligible. 

There  is  obviously  a difference  in  the  cost  of  structure  depending  upon  whether  it  is 
defined  with  or  without  the  structural  elements  associated  with  air  vehicle  subsystems. 
The  comparisons  made  to  AMAVS  in  the  various  data  presentations  is  valid,  however, 
since  data  points  for  conventional  structure  were  selected  or  adjusted  so  as  to  eliminate 
this  effect. 

3.  1.  5 TOOLING  FACTORS 
Cost-on-Cost  Relationship  for  Tool  Planning 

In  assessing  the  data  in  Table  1,  a consistent  relationship  was  noted  between  Tool 
Planning  hours  and  Fabrication  hours.  The  ratios  between  these  values  were  calcu- 
lated and  are  summarized  in  Table  13  together  with  pertinent  statistical  measures. 

The  standard  deviation  has  a very  low  value  and  the  coefficient  of  variation  is  a very 
acceptable  17' V . 

Basic  Tool  Manufacturing  Hours 

In  the  estimating  method  described  in  Reference  1,  tool  manufacturing  is  estimated  as 
a relationship  to  structural  weight  by  means  of  the  following  equation: 


(1) 


BTMH  - TMF  (WAMPR  ) 
i i i 


FT 


whe  re 


BTMH  Basic  Tool  Manufacturing  Hours  by  major  component 


(1)  Equation  (28),  Reference  (1)  Yol.  II,  Part  1. 
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Table  13.  AMAVS  WCTS  - Tool  Planning/Fabrication 
Hours  Relationships 


Part 

No. 

NAME 

Tool  Ping.  Hrs/ 
Fab.  Hrs. 

(X.  - X) 
1 

4001 

WCTS  Assembly 

.273 

-.  005 

3920 

MLG  Side  Brace 

. 265 

-.  013 

3930 

XF  70  Trunnion 

.262 

-.016 

3931 

XF  95.  5 Trunnion 

.257 

-.021 

3941 

MIX!  Drag  Fitting 

. 194 

-.084 

3950 

Wing  Sweep  Fitting 

.335 

.057 

4006 

Pivot  Lug  Rib 

. 28 

. 002 

4010 

Upper  Cover 

.243 

-.035 

4030 

Outboard  Rib 

.26 

-.018 

4060 

Bulkhead  YF  992 

.28 

.002 

4080 

Bulkhead  YF  932 

.273 

-.005 

4110 

Centerline  Rib 

.285 

.007 

4120 

XF  39  Rib 

.274 

-.004 

4130 

XF  84  Rib 

.267 

-.011 

4160 

Lower  Fairing 

.28 

. 002 

4170 

lower  Plate 

. 43 

. 152 

X = .'278 

S = . 0474 

E «.  -*>2 

V = 17% 

= .036 

S Standard  deviation  of  the  sample. 

V Coefficient  of  variation  (S/X). 
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I MF.  Empirical  estimating  coefficient  by  component 

FT  = Scaling  exponent,  tool  manufacturing  hours  to  weight. 

i his  equation  is  used  to  estimate  at  the  major  component  level,  i.e. , wing,  fuselage, 
horizontal  stabilizer,  etc.  Other  elements  of  tooling  costs  are  then  estimated  from  the 
tool  manufacturing  estimate.  Applying  this  equation  to  the  wing  carry-through  struc- 
ture at  an  aggregate  level  gives  inconclusive  results.  This  is  because  AIWA  VS  actuals 
are  based  on  experimental  tooling,  the  structure  itself  is  in  the  nature  of  a structural 
box  rather  than  a finished  aerodynamic  component,  and  in  the  component  level  method, 
all  too!  manufacturing  costs  are  accounted  for. 


The  following  analysis  then  explores  the  relationship  between  tool  manufacturing  hours 
and  structural  weight  for  the  wing  carry-through  structure  at  the  next  level  of  indenture. 
Table  14  gives  detailed  calculations.  The  values  for  X are  previously  used  weights. 
Values  for  Y are  from  Table  G.  Then, 


and 


a = log  a 


(.382)  (81.098)  - (30.622)  (.844) 
12  (81.998)  - (30.G22)2 


31.32  - 25.84  = 5.48 

983. 97G  - 937.71  4G.  27 


= . 1184 


a = 1.313 


"l  = b 


12  (.844)  - (30.  622)  (.3821  10.  128  - 11.698  -1.57 


12  (81.998)  - (30.622) 

= -.034 


46.27 


46.27 


,034 


Then , 

Y = 1. 313X 

The  data  points  and  the  line  for  this  equation  are  plotted  on  Figure  42. 
The  standard  error  of  estimate  of  Y on  X is  given  by 

2 _ (.494)  ~ .1184  (.382)  - (-.034)  (.844) 

Y • X 12 


.494  - .045  + .0287 
12 


= .0398 
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Tool  Mfg.  Hr 9. 


100 


10 


1. 


4160 

Y 

= 1.313  X" 

3920 
• 4110 

3941  . 


-4030 


4060 

* 

— 4080. 


4006 


4120 


^4170 

* 4010 


3930 


034 


10 


100  1000 
Wt.  (Lbs. ) 


Figure  42.  Wing  Carry-through  Box  Assemblies  - 
Tool  Mfg.  Hours  Against  Weight. 
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. 1995,  which  is  for  Y = log  Y. 


SY  • X 
Then  for  Y Y , 

S. 


10* 1995  = !.  583. 


Y • X 

The  coefficient  of  variation  is, 

CV  — - "''v"  = 1.44,  indicating  a low  level  of  confidence  in  the 


Y 

estimating  relationship. 


1.1 


3.  1.6  DESIGN  HOURS.  Design  hours  are  also  estimated  as  a relationship  to  structural 
weight.  The  following  analysis  explores  the  relationship  Ijetween  design  hours  and 
structural  weight  for  the  wing  carry-through  structure.  Table  15  gives  design  hours, 
weights  and  detailed  calculations. 

Then, 


a = log  a 
o 


a 


(1.674)  (106.046)  - (40.3G8)  (2.164) 
16  (106.046)  - (40.368)2 
177.52  - 87.36  90.  16 

1 — * — 1 *1  A A 

1696.7-1629.6  67.1 

22.08 


a 


1 


16  (2.  164)  ~ (40.368)  (1,  674)  34.624  - 67,58 

67.1  67.1 


= -.491 


Then, 

- 491 

Y = 22.  08  X * 

The  data  points  and  the  line  for  this  equrMon  are  plotted  on  Figure  43. 

Data  are  for  the  so-called  "No-Box  Box"  configuration  of  the  wing  carry -through  box. 
Initially,  design  included  both  that  configuration  and  the  Fail  - Safe  Integral  Lug 
configuration.  Design  hours  were  intermixed  necessitating  a formula  for  allocating 
to  an  NBB  hours  only  basis.  This  was  accomplished  by  counting  drawings  and  making 
an  allocation  by  number  of  drawings  and  their  size  and  complexity.  The  resulting 
data  at  the  subassembly  level  is  given  in  Table  16. 


Calculation  of  Statistics  for  Design  Hours 


Design  Hours/Lbs. 


100 


4160 


Y = 22.08  X“'491 


.1 

10  100  1000  10000 

Wt.  (Lbs. ) 

Figure  43.  Wing  Carry -through  Box  Assemblies  - 
Design  Hours  Against  Weight. 
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Table  1G.  AMAVS  Summary. 


Component 

Dwg. 

Detail 
Design  Hr. 

Wei  glit 
(Lbs. ) 

Cost 

Lower  Plate 

4170 

819 

3, 147 

$ 318,774 

Upper  Cover 

4010 

1139 

2, 21G 

238,088 

Fwd  BHD 

4080 

1377 

1,200 

213,452 

Aft  BHD 

40G0 

1532 

1,011 

208, 0G7 

<£  Rib 

4110 

570 

189 

39,245 

Rib 

r 

4120 

G54 

378 

51,773 

x Rib 

4130 

374 

239 

30, 7G8 

Closure  Rib 

4030 

G37 

493 

92, 91G 

Fittings 

MIjG  Side 

3920 

395 

189 

69,255 

MIX!  Trunnion 

3930 

81 

170 

37,295 

MLG  Trcuinion 

3931 

54 

107 

22,519 

MLG  Drag 

3941 

305 

170 

5G.258 

Wing  Sweep 

3950 

242 

3G5 

72,921 

bug  Rib 

400G 

118 

70 

4,  485 

Lwr.  Fairing 
Support 

41G0 

G55 

37 

12, 179 

Final  Assy 

4001 

G4G 

598 

381, 12G 

Total  GD/FW 
Desi^i 

9598 

10,579 

$1,849, 121 

Note  l)i  ieji  Hr.  & Wt  tor  comjionents  reflect  detail  part  grouping  the  same  as 
Manufacturing  engineering  cost  breakdown. 
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This  relationship  differs  from  that  shown  in  Reference  1,  p.  119,  inasmuch  as 
different  levels  of  detail  are  being  considered. 

3.2  RAW  MATERIAL  COSTS 

The  current  structural  material  cost  estimating  method  uses  an  estimating  relation- 
ship of  the  same  general  form  for  both  primary  and  secondary  structure.  For  primary 
structure  the  form  is  as  follows: 

M = W C'  (RMC  ) (SF  ) AV1'  (RMC.)  (SF.)  + W ° (RMC  ) (SF.) 

i i ill  ill  ii 

where 

M.  = material  cost  for  ribs,  frames,  spars,  longerons  and  covers 

of  the  component  estimated 

W = finished  weights  of  the  components  estimated, 

i 

G - co st -weight  scaling  exponent 

RMC.  - a series  of  raw  material  costs  per  pound  for  each  type  of 
component  estimated, 

SF.  - a series  of  scrappage  factors  related  to  the  material  and 
component  estimated. 

For  secondary  structure  the  form  is: 

M - WD  ('  (RMC  ) (SF  ) 

i i i l 

where 

M.  = material  cost  for  secondary  structure  components 

WD.  finished  weights  of  the  secondary  structure  components 

being  estimated 

G = cost-weight  scaling  exponent 

RMC.  a series  of  raw  material  costs  performed  for  each  type 

of  component  estimated 

SF.  - a series  of  scrappage  factors  related  to  the  material 
and  comixment  estimated 
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As  can  be  seen  the  form  for  primary  structure  is  expanded  to  provide  additive  expres- 
sions for  up  to  three  different  types  of  material  in  a given  component,  paralleling  the 
labor  estimating  methodology.  The  forms  are  the  same,  otherwise,  except  for  this 
one  additional  diffei’enee:  The  terms  RMC  and  SF  have  different  meanings  and  values 
in  each  form,  and  they  are  obtained  from  different  input  sources. 

During  the  previous  study,  look-up  tables  were  developed  for  each  of  these  terms 
except  in  the  case  of  the  secondary  structure  scrappage  factor,  which  was  given  the 
value  of  one  pending  further  development  of  the  estimating  concept.  During  this  study, 
these  tables  have  been  expanded.  The  remainder  of  this  section  is  devoted  to 
describing:  the  previously  developed  tables,  their  usage,  and  this  study  and  the 
l-esulting  tables. 

:i.  2.  1 PREVIOUSLY  DEVELOPED  TABLES  AND  1 HEIR  USAGE 
Primary  Structure 


Raw  material  cost  per  pound  and  scrappage  factors  are  input  as  shown  in  Figure  44 
(as  NAMELIST  inputs  in  the  computer  program).  Input  values  are  obtained,  respec- 
tively, from  Tables  17  and  IS.  The  term  G is  the  same  for  both  primary  and  second- 
ary structure  and  was  determined  to  have  a v alue  of  0.77. 

Secondary  Structure 


For  secondary  structure,  raw  material  cost  per  pound  and  scrappage  factors  are 
input  as  shown  in  Figure  45.  The  input  value  for  the  raw  material  cost  factor  is 
obtained  from  Table  19.  As  stated  previously,  the  scrappage  factor  was  assigned 
a value  of  one  pending  the  results  of  this  study.  The  expected  form  of  a suitable  table 
had  been  described  in  Table  20. 

Back-up  data  and  factor  development  for  each  of  the  above  situations  was  given  in 
Reference  1. 

.1.2.2  EXPANDED  MATERIAL  ESTIMATING  FACTORS 


3.2.2.  1 Study  Approach.  The  purpose  of  this  task  was  to  expand  the  existing  look- 
up tables.  In  the  case  of  raw  material  costs,  a cost  per  pound  matrLx  relating  raw 
material  cost  to  differing  product  forms  was  required.  This  is  needed  to  differentiate 
low-cost  forms,  such  as  sheet  and  billet,  from  more  expensive  forms,  such  as  forg- 
ings and  formed  extrusions.  In  the  case  of  the  scrappage  factor,  a distinction  is 
made  between  material  removal  and  scrappage  of  parts  due  to  damage  or  inferior 
quality  of  the  part.  Material  removal  accounts  for  the  difference  between  design 
weight  and  the  planned  weight  used  in  cost  estimating  and  is  related  to  type  of 
material  and  product  form. 
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♦Table  17.  Primary  Structure  Raw  Material  Cost  Factor  (RMC) 


Aluminum 

Steel 

Titanium 

Aluminum 
and  Steel 

Ribs,  Frames,  Spars, 
Longerons,  and  Covers  - 
Production  Material 

18.0 

22.0 

28.0 

♦Table  31  in  Reference  1. 


Table  18.  Primary  Structure  Material  Scrappage  Factor  (SF) 

Structure  Type 


Material 

Type 

Built-Up 

Web 

Stiffener 

Built-up 

Truss 

Sheet 

Web 

Integral 

Web 

Stiffener 



Integral 

Truss 

Ribs , 

Alum  mum 

2.0 

2.0 

2.0 

2.0 

5.3 

Frames 

Titanium 

3.5 

3.5 

3.5 

Si 

MB 

5.3 

Steel 

■ i 

ibb 

Spars , 

Aluminum 

3.0 

3.0 

3.0 

3.0 

5.3 

5.3 

Longerons 

Titanium 

3.0 

3.0 

3.0 

3.0 

5.3 

5.3 

Steel 

Built-up 

Skin 

Structure 

Integral 

Skin 

Stringer 

Machined 

Plate 

Sheet 

Covers 

Aluminum 

2.0 

5.3 

mm 

1.0 

Titanium 

3.5 

5.3 

1.0 

Steel 

■i 

1.0 

♦Table  32  in  Reference  1 
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INPUT  ELEMENTS  - SECONDARY  STRUCTURE 

STRUCTURAL  MATERIAL  COST 

. _ 

SECONDARY  STRUCTURE 
COMPONENTS 

INPUT 

VALUE 

INDEX 

Raw  Material 
Cost 

Scrappage 

Factor 

RMC. 

i 

SF. 

t 

WING 

1 

Leading  Edge 

9 

3 

Trailing  Edge 
Ailerons 

4 

Fairings 

5 

Tips 

6 

Spoilers 

7 

Flaps  & Flaperons 

i s 

Attachment  Structure 

y 

Access  & Other  Doors 

10 

Air  Induction 

1 

1 11 

High  Lift  Ducting 

1 12 

Slats 

13 

Hinges,  Brackets,  Seals 

15 

Pivots  and  Folds 
Center  Section 

| 

10 

Other 

H<  1RIZONTAL  STABILIZ  ER 

l 

1 

Leading  Edge 

| 

2 

Trailing  Edge 

4 

Fairings 

5 

Tips 

8 

Attachment  Structure 

9 

Access  & Other  Foors 

13 

Hinges,  Brackets,  Seals 

I 

14 

Pivots  & Folds 

15 

Center  Section 

10 

Elevators 

17 

Balance  Weights 

VERTICAL  STABILIZER 

i 

Leading  Edge 

2 

Trailing  Edge 

4 

Fairings 

5 

Tips 

Figure  15.  NAMELIST  Inputs  for  Secondary  Structure  Structural  Material  tost  Worksheet. 
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INDEX 

SECONDARY  STRUCTURE 
COM PON ENT 

INPUT  VALUE 

Raw  Material 
Cost 
RMC. 

i 

Scrappage 

Factor 

SF 

l 

VERTICAL  STABILIZER  (Cont) 

8 

Attachment  Structure 

9 

Access  &•  Other  Doors 

13 

Hinges,  Brackets,  Seals 

17 

Rudder 

1 

FUSELAGE 

1 

Cockpit 

2 

Nose  Landing  Gear  Door  & Box 

3 

Wing  Reaction  (carry-thru)  Box 

4 

Tail  Attachment 

! 5 

Windshield  & Canopy 

G 

Main  Landing  Gear  Doors  &•  Box 

7 

Final  Provisions 

8 

Engine  Provisions 

9 

Duct  Provisions 

10 

Stores  Provisions 

11 

Speed  Brakes 

12 

Cabin  Flooring  & Supports 

13 

Windows  & Window  Frames 

14 

Doors  & Door  Frames 

NACELLES 

1 

Col  wings 

') 

Pylons 

3 

Main  Landing  Gear  Door  & Reinforcements 

LANDING  GEAR 

1 

Brakes 

2 

Brake  Controls 

3 

Wheels 

4 

Tiros 

I 

5 

Oleos 

G 

Axles,  Trunnions  & Fittings 

7 

Drag  Braces 

Figure  if).  NAMELIST  Inputs  for  Secondary  Structure  Structural  Material  Cost  Worksheet. 
(Continued). 
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Table  19.  Secondary  Structure  Raw  Material  Cost  Factor  (RMC) 


Aluminum 

Steel 

Titanium 

Aluminum 
and  Steel 

70.0 

94.0 

120.0 

85. 0* 

Secondary  and 
Other  Structure 
Basic  Material 


* Use  when  aluminum  secondary  structure  includes  a steel  pivot. 
Back-up  data  appears  in  Appendix  H. 


Table  20.  Secondary  Structure  Material  Scrappage  Factor  (SF) 

(This  table  is  reserved  for  future  development  of  factors  indicated , 
and  will  be  of  the  following  form. ) 

Leading  Edge: 

Typical 

Construction: 

Trailing  Edge: 

Typical 

Construction 


Material 

Aluminum  Steel  Titanium  Fibreelass 


Type  oi 
Const  ruction 


Etc.  : 


The  expansion  of  tables  necessitated  revised  formats.  These  are  illustrated  in  the 
tallies  described  below. 

2.  a.  2 Method  Development  Review.  This  study  proceeds  from  the  methodological 
basis  developed  during  the  previous  study.  The  development  is  briefly  reviewed  below. 

Prim  an  Structure 


For  primary  structure  the  development  was  as  follows.  Data  was  collected  and  plotted 
as  shown  in  Figure  16  and  then  used  to  develop  the  terms  RMCj  and  SF»  (as  defined 
for  primary  structure)  summarized  in  Tables  17  and  18,  respectively.  These  costs 
included  the  following  elements  that  are  to  be  the  subject  of  analysis. 

a.  Mill  costs 

b.  Scrappage  from  cut-off 

c.  Costs  of  shipping,  receiving  inspection,  inventory  storage,  and  a portion  of 
material  control  and  handling  costs. 

d.  Material  utilization  factors  reflecting  scrappage  due  to  material  removal  and 
scrap  due  to  damaged  or  inferior  quality  parts. 

These  items  comprise  the  total  raw  material  cost,  which  is  then  stated  against  the 
finished  weight  of  the  component.  The  lowest  cost  item,  sheet  stock  for  sheet  design 
covers,  was  taken  as  a reference  cost.  The  slope  of  the  regression  line  for  these 
data  points  was  determined  to  be  -0.23.  The  results  of  passing  a line  with  this 
slope  through  the  data  point  representing  the  reference  cost  is  also  shown  in 
Figure  16.  The  value  for  RMC  was  determined  by  extrapolating  this  line  to  the  inter- 
cept value  at  a weight  of  one  pound.  At  one  pound  the  value  for  aluminum  was  found 
to  be  $18.00  per  pound.  The  reference  cost,  chosen  as  it  was,  is  assumed  to  repre- 
i sent  a utilization  factor  of  one.  This  cost  represents  items  a,  b and  c above.  Using 

the  same  assumption  regarding  these  items,  and  accounting  for  differences  in  mill 
prices  (of  sheet  stock),  an  estimated  value  for  RMC  for  titanium  was  determined  to 
be  $28.00  per  pound.  Adding  this  reference  estimating  line,  assuming  a constant 
cost-weight  scaling,  gives  the  results  shown  in  Figure  17. 

The  next  step  was  the  development  of  the  scrappage  factors  shown  in  Table  18. 

This  was  done  independently  by  assessing  the  material  utilization  factor  by  com- 
ponent and  bv  type  of  construction  and  material.  Scrappage  due  to  damaged  or 
rejected  parts  was  included.  Some  of  the  factors  in  this  table  were  based  on  judg- 
ment due  to  the  lack  of  specific  data. 


!)9 


MATERIAL  COST  PER  POUND  (1970  DOLLARS) 


I 

Figure  46,  Ribs,  Spar,  and  Cover  Material  Cost  Data. 
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The  original  data  was  then  normalized  by  dividing  each  datum  by  the  appropriate 
scrappage  factor.  The  results  are  shown  in  Figure  48.  It  is  seen  that  all  but  three 
of  the  normalized  values  for  aluminum  fit  the  aluminum  line,  and  also  that  the  three 
normalized  titanium  points  provide  a good  fit  to  the  titanium  reference  line.  The 
points  for  the  FX  rib,  AX  spar  and  C-141  spar  are  each  off  the  line.  Two  of  these, 
the  FX  and  AX  were  based  on  estimates.  The  normalized  data  tends  to  confirm  the 
assumptions  of  a constant  value  for  G.  Lines  for  graphite  and  boron  epoxy  com- 
posite material  are  retained  from  the  previous  study. 

This  original  development  of  method  provides  the  starting  point  for  defining  improve- 
ments, which  are  as  follows: 

a.  Revision  of  the  estimating  method  to  provide  for  the  consideration  of  specified 
additional  variables. 

b.  Collection  of  additional  data  and  development  of  yield  (scrappage)  factors 
related  to  type  of  construction  and  type  of  material  and/or  material  product 
form. 

c.  Collection  of  additional  data  and  the  updating  of  mill  prices  of  various  new 
stocks. 

d.  Collection  of  additional  data  for  the  development  of  expanded  tables  for 
product  form  raw  material  factors. 

e.  Collection  of  data  and  development  of  a factor  covering  handling  and  usage. 

The  data  base  and  the  details  of  the  development  are  discussed  in  Section  3.2.  2.3. 
Secondary  Structure 

For  secondary  structure,  available  data  was  analyzed  to  arrive  at  the  factors  that 
were  shown  in  Table  19.  (Values  have  been  revised  to  correct  an  error  in  extra- 
polating to  the  intercept  where  weight  equals  one  pound.)  Data  are  plotted  in 
Figure  49.  The  same  assumption  regarding  slope  is  made  as  was  made  for 
primary  structure.  The  reference  estimating  lines  were  selected  on  the  basis  of 
estimating  judgment. 

Secondary  structure  involves  greater  complexities  in  estimating  material  costs 
than  was  the  case  for  primary'  structure.  As  can  be  seen  by  inspection  of  Figure  45, 
a wide  variety  of  structural  components  is  considered  in  the  secondary  structure 
categorization.  Most  of  these  components  could  in  turn  be  broken  down  into  parts, 
which,  individually,  are  equivalent  to  the  ribs,  spars  and  covers  of  the  primary 
structure. 
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MATERIAL  COST  PER  POUND  (1970  DOLLARS) 
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Figure  48.  Rib,  Spar,  and  Cover  Cost  per  Pound  Versus  Structure  Weight. 
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MATERIAL  COST  PER  POUND  (1970  DOLIARS) 


Figure  19.  Secondary  Box  and  Other  Structure  Cost  Versus  Structure  Weight. 
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Estimating  fur  secondary  structure,  vis-a-vis  primary  structure,  is  thus  one  level 
of  identure  higher.  A further  complexity  is  that  the  estimated  costs  of  secondary 
structure  material  includes  materials  needed  for  the  assembly  of  the  component 
itself. 

A comprehensive  improvement  of  the  secondary  structure  estimating  method  depends 
on  the  development  of  more  detailed  cost  data  and  the  development  of  supporting 
design  synthesis  programs.  The  determination  of  construction  categories  needs  to 
i>e  referenced  to  a systematic  design  definition,  such  as  is  provided  by  the  structural 
synthesis  program.  In  the  absence  of  such  definition,  other  categorization  had  to  be 
established. 

Improvements  in  estimating  for  secondary  structure  are  to  be  approached  as  follows: 

a.  Development  of  additional  cost  data. 

b.  Analysis  of  this  data  to  determine  the  effects  of  various  materials  and 
construction  types. 

c.  Determination  of  suitable  estimating  factors:  through  new  CERs,  through 
redefinition  of  the  terms  in  the  existing  CERs,  or  through  the  addition  of 
new  terms  to  the  existing  CERs. 

In  terms  of  level  of  detail,  components  such  as  leading  edges  and  trailing  edges  are 
equivalent  to  the  primary  l*>x.  Categorizations  of  material  and  type  of  construction 
for  secondary  structure,  therefore,  are  not  applicable  to  primary  structure. 

3.2. 2. 3 Revised  Estimating  Methods. 

Primary  Structure 


The  revised  estimating  procedure  that  was  developed  is  as  follows: 

Cost  - (Finished  Weight)80^*”8  * yield  x mill  price  * form  factor  < 
handling  and  usage  factor 
In  ecjuational  form  this  is: 

M = W°  (SF  ) (MPj)  (FF  ) (UV)  +...+.  . . 
i l i i 

where 

M.  material  costs  for  various  primary  structure  comix>nents,  i.e.  , 

ribs,  frames,  spars,  longerons  and  covers,  with  three  separate 
terms  for  variations  in  type  of  construction  ;uul/or  material  by 
component. 
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W finished  weight  of  the  component  estimated 

i 

G cost-weight  scaling  exponent 

SF  yield  (previously  called  scrappage  factor) 

i 

MP  - mill  price  by  type  of  material 
i 

FF  = form  factor  according  to  raw  material  and  product  form 
i 

UV  - a factor  to  cover  manufacturing  usage  variance 

This  form  is  similar  to  the  one  previously  used,  however,  there  are  differences 
that  need  further  explanation.  The  terms  W and  G are  exactly  as  before.  The 
scrappage  factor,  SFj,  is  redefined  to  include  only  yield  or  utilization,  excluding 
scrappage  due  to  damaged  or  inferior  quality  parts.  The  excluded  portion  is  in- 
cluded as  part  of  the  term  UV,  as  explained  below.  The  previously  used  term, 

RMC,  is  replaced  by  the  terms,  MP  and  FF.  The  first,  mill  price,  has  been  separ- 
ated out  so  that  fluctuations  in  mill  prices  can  be  identified  and  input.  The  second, 
the  form  factor,  represents  the  relationship  between  various  raw  material  costs  and 
accounts  for  differences  attributable  to  the  form  of  the  product.  These  differences 
are  judged  to  be  reasonably  constant.  The  term  UV  consists  of  a factor  covering 
material  handling  costs  and  a usage  factor  covering  losses  attributable  to  damaged 
or  inferior  quality  parts. 

An  objective  of  the  study  was  to  distinguish  between  scrap  due  to  material  removal 
and  scrap  due  to  damaged  or  inferior  quality  parts.  Both  enter  into  the  buy-to-fly 
ratio  but  represent  different  effects.  They  are  separated  in  the  way  that  they  are 
for  two  reasons:  (1)  Their  cost  is  accounted  for  separately  and  (2)  they  represent 
different  concepts.  Scrappage,  defined  as  yield  (or  utilization),  represents  the 
difference  between  design  weight  and  planned  buy  weight  and  is  determined  by 
design  features  and  material  characteristics.  Scrappage  as  represented  by 
damaged  or  inferior  quality  parts,  on  the  other  hand,  is  a function  of  the  manu- 
facturing operation  and  is  included  in  the  combined  allowance  for  manufacturing 
usage  variance. 

Yield 


Material  utilization  is  an  important  factor  in  determining  the  cost  of  a finished  part. 
Utilization  accounts  for  chips,  trim,  overage,  offal,  scrap,  etc.  The  yield,  or 
utilization  factor,  is  applied  to  the  finished  weight  of  the  various  structural  com- 
ponents to  arrive  at  procured  weight.  This  is  a major  portion  of  the  conversion 
from  fly-weight  to  buy-welght. 
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1 able  21  provides  values  to  !*•  used  for  the  term  SI*'  in  estimating  raw  material 
cost.  These  values  are  based  on  study  of  information  from  various  sources: 

a.  Contractor's  exjierience 

b.  Sagamore  conference  data  (Reference  5) 

c.  .Miscellaneous  studies 


Table  21.  Primary  Structure  Material  Scrappage  (Yield)  Factor  (SF) 


Aluminum 

Steel 

Titanium 

Sheet 

1.2 

1.3 

1.5 

Billet 

8.0 

10.0 

12.0 

Convent  ional 

5.0 

— 

12.0* 

forgings:  T1  . . 

Precision 

1.11 

mm 

4.5 

Formed  Extrusions 

2.0 

mm 

2.2 

Plate 

2.  5 

3.0 

5.0 

Bar  and  Rod 

1.3 

2.0 

4.0 

Tubing 

1.3 

1.5 

2.0 

Castings 

2.0 

3.0 

- 

♦5°  Die  Forging 


These  values  must  be  extrapolated  in  order  to  arrive  at  estimating  inputs  for  alter- 
native types  of  construction.  If  subsequent  structural  synthesis  program  improve- 
ments are  achieved  so  as  to  provide  a means  of  breaking  down  construction  tynes 
into  product  form  mixes,  then  Table  21  can  be  modified  to  state  input  values 
directly  in  terms  of  types  of  construction. 


5.  "Summary  ol  Air  Force/Industry  Manufacturing  Cost  Reduction  Study", A FML/ 
TM-LT-73-t,  January,  1973. 
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Mill  Prices 


Some  data  on  mill  prices  are  shown  in  the  following  tables  and  figures.  Table  22  is 
a summary  of  available  data.  Figures  .10  through  53  show  plots  of  thickness  versus 
cost  per  pound  for  aluminum  sheet,  aluminum  plate,  steel  plate  and  titanium  plate. 
In  the  case  of  titanium,  if  extremely  thin  material  is  neglected,  a relationship  can 
be  determined  as  shown  in  Figure  53. 


1.0  1.5 

COST  (DOLLARS/LB) 


Figure  50,  Cost  Versus  Thickness  - Aluminum  Sheet 


Product  Form 


Product  form  has  an  effect  on  raw  material  cost.  In  general,  the  closer  the  procured 
material  is  to  "net"  form,  i.e.,  the  finished  components,  the  more  expensive  it  is. 
Intuitively,  this  seem  justifiable,  since  part  of  the  task  of  forming  has  !>een  trans- 
ferred to  the  material  vendor.  Varying  amounts  of  offset  in  the  in-hours  labor  is  to 
lx;  expected. 

Form  factors  are  given  in  Table  23.  As  indicated  in  the  material  estimating  equation, 
this  factor  is  applied  to  the  mill  price  to  arrive  at  what  was  formerly  referred  to  as 
raw  material  cost,  KMC.  The  net  result  is  that  the  raw  material  cost  factor  is 
divided  into  two  components:  one  related  solely  to  material  and  the  other  related 
to  product  form. 
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PRODUCT  FORM  Aluminum  : 

Honeycomb  Titanium 

2024  7050  Core  6A1-4V 5629 


d 


Precision  forgings  excluded  ***  17-4  Steel 

321  Steel  (1)  AMAVS  data 


THICKNESS  (IN  ) THICKNESS  (IN.) 
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Itepivsentativo  ousts  of 
Aluminum  Plate 
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Finn  re  51.  Cost  Versus  Thickness  - Aluminum  Plate 


Representativ  e 
costs  of  steel 
plate 


COST  (DOLl ARS/LB) 

Figure  52.  Cost  Versus  Thickness  - Steel  Plate 
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Table  23.  Primary  Structure  Haw  Material  Product  Form  Factor  tFFi. 


PRODUCT  FORM 

TYPE  OF  MATERIAL 

Aluminum 

Titanium 

6A1-4V 

Steel 

2024 

7075 

5G29 

10  X 

i 

Sheet 

1.0 

1.25 

5. -1G. 

5. 

1.2 

Billet 

2.5  - 
3.0 

2.5 

8.  - 
10. 

3. 

4. 

Forgings : Conventional 

4.0 

3.7 

10.  - 
14. 

3. 

4.5 

Castings:  Investment 

4.0 

5.0 

50.  - 
100. 

G.  - 
25. 

- 

Plate 

1.0 

1.0 

3.5  - 
11. 

G. 

2.  - 
10. 

Bar 

1.5 

1.7 

8. 

D 

2. 

rl\ibing 

- 

- 

- 

- 

- 

Kxtrusions 

- 

- 

- 

- 

- 

COST  (OOLLARS/LB) 

Figure  53.  Cost  Versus  Thickness  - Titanium  Plate 


I'sage  V ariance 

In  the  contractors  estimating  practice,  a manufacturing  usage  variance  is  applied 
that  covers  scrappage  and  excess  usage  in  addition  to  a number  of  other  items  the 
most  significant  of  which  are  freight -in,  freight  out,  surpluses,  repair,  gains  and 
losses,  and  obsolete  material.  This  variance  factor,  as  estimated  for  raw  material 
commodities,  is  approximately  20','<,  applied  to  estimated  material  cost.  Scrap  and 
excess  usage  make  up  the  largest  fraction  of  this  and  are  the  items  of  interest  in 
this  study.  They  may  lx:  expected  to  vary  to  some  extent  due  to  material  and  type 
of  construction.  Combined,  they  make  up  approximately  (>5f?  of  the  20' V • or  l.'iC,’ 
against  estimated  structural  material  cost. 

Since  usage  variance  covers  a number  of  things,  no  attempt  has  been  made  in  past 
practice  to  identify  variations  in  scrappage  attributable  to  type  of  construction  or 
type  of  material.  Suggested  values  based  on  engineering  judgment  are  given  in 
Table  24.  These  values  are  percentages  that  are  to  be  added  to  the  residual 
[x:rcentage  considered  not  to  bo  variable. 
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Table  21.  Material  Usage  Values 


TYPE  OF  CONSTRUCTION 

Material 

Aluminum 

Titanium 

Steel 

Ribs,  Spars,  Frames,  Longerons: 

Built-Up  Web  Stiffener 

13% 

20% 

16% 

Built-Up  Truss 

13% 

20% 

16% 

Sheet  Web  (Roll  Formed) 

11% 

17% 

14% 

Corrugated  Web 

12% 

18% 

15% 

Integral  Web  Stiffener 

10% 

20% 

16% 

Integral  Truss 

10% 

20% 

16% 

Covers: 

Built-Up  Skin  Stringer 

13% 

20% 

16% 

Integral  Skin  Stringer 

1 0% 

20% 

16% 

- Machined  Plate 

iof;; 

20% 

16% 

Sheet 

10% 

18% 

12% 

Sandwich  Bonded  & Beaded 

15% 

— 

16% 

Evaluation  of  the  Term  G 

Hardware  elements  that  are  primary  structure,  or  analogous  to  primary  structure, 
were  selected  from  the  AMAVS  data  base  and  are  plotted  in  Figure  54.  These  data 
are  summarized  in  Table  25.  A regression  equation  relating  material  cost  per 
pound  to  finished  structure  weight  was  developed  as  shown  in  Figure  54.  This  can 
be  compared  to  the  regression  of  material  cost  to  finished  weight  shown  in  Figure  48. 

The  two  data  bases  represented  by  these  figures  are  combined  as  shown  in  Figure  55. 
The  regression  equation  based  on  these  data  is  also  shown.  This  result  can  easily 
be  interpreted  as  a value  of  1.0  for  the  term  G.  This  value  is  suggested  pending 
contrary  results,  especially  since  it  agrees  with  the  assessment  of  experienced 
cost  estimators.  The  term  G will  be  retained  in  the  estimating  function,  however, 
to  provide  for  possible  future  reconsideration. 
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Material  Cost  Per  Pound  (1970  Dollars) 


10 


Y = 10.69  X 


0. 192 


10 


100  1000 
Finished  Weight  of  Structure  (Lbs) 


10000 


Figure  54.  Material  Cost  by  Structural  Weight  - 
AMAVS  Components. 
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Table  25.  AMAVS  COMPONENTS  DATA  BASE 


*Not  included  in  the  regression 
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o C-141 
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1000 
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Figure  55.  AMAVS  Data  and  Reference  1 Data. 
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Secondary  Structure 


Two  approaches  to  estimating  the  material  cost  of  secondary  structure  were  investi- 
gated. The  first  of  these  is  a modified  version  of  the  one  used  for  primary  structure. 
The  second  uses  finished  weight  as  the  cost  related  variable  but  annlics  to  that  a cost 
per  pound  factor  that  accounts  for  type  of  construction,  material,  yield,  scrapped 
parts,  and  handling  in  an  empirical  manner  from  plots  of  data  analogs. 


The  form  based  on  the  primary  structure  method  is  shown  below.  The  need  for  mod- 
ification arises  because  of  the  previously  mentioned  fact  that  secondary  structure  is 
analyzed  at  a higher  level  of  indenture  than  is  primary'  structure. 

■ . O 

= WD  (SI’S.)  (MC,)  (HUS) 

1 ill 


where  WD  and  G are  as  previously  defined  and  where 


M.  - total  material  cost  for  secondary  structure  components, 

SFS  - a value  for  yield  that  is  a composite  value  for  the  secondary 
structure  component. 


MC  - material  cost:  a composite  value  based  on  component 
material  mixes 


HUS  = factor  for  handling  and  usage  based  on  a composite  picture  of 
the  component. 


Individual  values  for  each  of  these  terms  is  required  by  component.  This  task  can 
lie  simplified,  however,  since  the  list  of  components  can  be  reduced  by  an  appropri- 
ate categorization.  Each  term  is  explained  in  the  discussion  that  follows. 


The  term  SFS  has  the  same  meaning  as  in  the  case  of  primary  structure,  except 
that  for  secondary  structure  the  value  specified  for  yield  represents  an  average 
value  based  on  a mix  of  components.  These  mixes  do  not  lend  themselves  to  con- 
venient categorization  so  that  value  selection  is  subjective  to  a considerable  degree. 
A typical  procedure  for  determining  a given  value  is  to  relate  the  elements  of  the 
given  structural  component  to  analogous  primary  structure  elements  and  to  develop 
a correspondingly  weighted  factor.  Weighting  is  accomplished  on  the  basis  of  the 
finished  weight  of  the  component. 

The  term  MC  is  a combination  of  the  terms  MP  and  FF,  mill  price  and  product  form 
factor,  respectively,  used  for  ordinary  structure.  Because  secondary  structure 
is  estimated  at  a higher  level  than  is  primary  structure,  the  development  of  a 
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weighted  mill  price  seems  especially  difficult  with  results  expected  to  be  somewhat 
ambiguous.  The  combined  term  is,  therefore,  used  in  the  estimating  equation.  The 
development  of  values  of  MC,  however,  still  takes  into  consideration  the  idea  of  mill 
price  and  product  form  variations. 

The  term  HUS  is  analogous  to  I1U.  Both  are  empirically  derived  averages.  As  was 
seen  for  primary  structure,  this  term  includes  an  allowance  for  scrapped  parts. 
Some  variation  in  its  value  can  be  expected,  but  relative  to  the  total,  this  is  small 
and  will  be  neglected. 

The  second  approach  to  estimating  the  material  cost  of  secondary  structure  is  based 
on  a relationship  as  illustrated  in  Figure  56  of  the  following  form: 


where 

Y = material  dollars  per  pound 
a = estimating  coefficient:  the  value  of  Y (a  x = 1 
x = finished  weight  of  the  component 
b = weight-cost  scaling  relationship 

Data  from  Reference  5 was  plotted  and  analyzed  with  the  results  shown  in  Figures 
56  through  60.  The  upper  curve  in  Figure  56  and  58  and  the  single  curve  in 
Figure  59  are  based  on  regression  snalysis.  The  curves  in  Figure  57  are  visually 
fitted  using  the  same  slope  as  in  Figure  56.  Figure  60  is  miscellaneous  data 
evidencing  no  fit.  Where  a slope  is  established  by  regression,  the  same  slope  is 
used  for  each  of  the  other  curves  shown  in  that  figure.  A summary  of  results  is 
given  in  Table  26  comprising  intercept  values,  slopes,  and  information  descriptive 
of  the  complexity  of  each  component.  Each  data  point  is  identified  in  Table  27. 

In  view  of  the  above  results,  the  second  method  is  recommended.  This  considers 
that  with  this  method  the  estimating  of  labor  for  secondary  structure  components 
is  accomplished  in  a consistent  manner  at  a consistent  level  of  detail. 

Having  chosen  this  approach,  additional  data  was  collected  and  analyzed  and 
estimating  coefficients  and  analogs  were  developed.  Data  are  from  the  contrac- 
tor's data  base  as  shown  in  Table  28.  These  data  are  plotted  on  the  previous  charts 
where  applicable,  otherwise  plots  are  made  on  Figures  61  and  62. 
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Finished  Weight  (Lbs) 

Estimating  Coefficient:  $12/Lb 
Complexity  factors : 12:52:144or  1,  4.33,  12. 

Figure  56.  Material  Cost  by  Structural  Weight  - Doors 
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Figure  58.  Material  Cost  by  Structural  Weight  - 
leading  Edges,  Trailing  Edges. 
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Figure  50.  Material  Cost  by  Structural  Weight  - 
Control  Surfaces. 
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Figure  60.  Miscellaneous  Components  Material  Costs. 
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Table  26.  Secondary  Structure  Estimating  Factors  for  Material  Estimating 


Table  27.  Secondary  Structure  Estimating  Factors  Data  Base 


Finished 
Wei  giit 

(Lbs. ) 

Material 

Cost 

Material 
$/  Pound 

Doors : 

1.  Access  Door,  S/M-B/U* 

4. 1 

31.5 

7.7 

2.  Access  Door,  S/M-B/U 

3.8 

20. 

5.3 

3.  Pressure  Door,  Transport 

341. 

1380. 

4.0 

4.  M.L.G.  Door,  Bonded  H/C 

420. 

3620. 

8.  G 

5.  Unactuated  Door,  Bonded  H/C 

1G8. 

2856. 

17.0 

G.  L/G  Door,  Bonded  H/C 

32. 

760. 

23.8 

7.  Actuated  Door,  Bonded  H/C 

109. 

4597. 

42.2 

8.  Cowl  Panel,  Bonded  H/C 

2G5. 

2990. 

11.3 

Air  Ducts  and  Tail  Cones  : 

1.  Duct  Assy,  S/M-B/U 

159.7 

1220. 

7.6 

2.  Tail  Cone  Assy,  S/M-B/U 

38. 1 

292. 

7.7 

3.  Tail  Cone,  S/M-B/U 

94. 

226. 

2.4 

4.  Nose  Cowl,  S/M-B/U 

161. 

1665. 

10.3 

5.  Air  Intake  Duct,  S/M-B/U 

58G. 

19500. 

33.3 

G.  Tail  Cone,  F/G-B/U 

36. 

675. 

18.8 

Leading  Edges  - Trailing  Edges: 

1.  Wing  I./E,  S/M-B/U 

1056. 

86  40. 

8.2 

2.  Wing  L/E,  S/M-B/U 

1800. 

5220. 

2.9 

3.  Wing  L/E,  S/M-B/U 

531. 

873. 

1.6 

4.  Empennage  L/E,  S/M-B/U 

1370. 

10850. 

7.9 

5.  Empennage  L/E,  S/M-B/U 

82. 

648. 

7.9 

G.  Empennage  L/E,  S/M-Bond 

48. 

91. 

1.9 

7.  Empennage  L/E,  S/M-Bond 

G8. 

146. 

2.1 

Control  Surfaces 

1.  Spoiler,  S/M-B/U 

11.3 

95. 

8.4 

2.  T.E.  Flap 

53.2 

448. 

8.4 

3.  Flap 

290. 

537. 

1.9 

4.  Rudder,  S/M-B/U 

142. 

264. 

1.9 

5.  Elevator,  S/M-B/U 

209. 

606. 

2.9 

6.  Aileron,  S/M-B/U 

170. 

450. 

2.6 

Miscellaneous  Components: 

1.  Speedbrake,  S/M-B/U 

135.3 

1034. 

7.6 

2.  Canopy,  Casting 

150. 

8390. 

55.9 

3.  Canopy,  S/M-B/U 

170. 

1600. 

9.4 

4.  Wing  Tip,  S/M-B/U 

63. 

112. 

1.8 

5.  Wing  Tip,  F/G 

i ■ ■ -■  ...  —— — < 

37. 

252. 

— ■ —— 

6.8 
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Table  2b.  Component  Data  Base 


Finished 

Weight 

(Pounds) 


j 

Material 

COMPONENT 

$/Lb. 

C-141  Empennage 

Leading  Edge-Horiz.  it  Vertical 

Stabilizer 

$19.80 

Bullet,  Aft 

20.95 

Elevators 

Rudder 

10.00 

Bullet,  Forward 

19.83 

A-X 

Leading  Edge 

8.00 

Trailing  Edge 

5.31 

Ailerons 

10.83 

Tips 

7.  33 

Spoilers 

0.05 

Flaps 

Support  Fittings 

1.  00 

Access  Doors 

3.  50 

( )ther 

7.  28 

I -111  SIX)  Components 

Ferry  Wing  Tip 

10.00 

000  Gallon  Tank 

5.  00 

Fixed  Cowl  and  Blow-ln  Doors 

9.00 

Fiberglass  Side  & RAM  Panels 

9.  00 

SRAM  Pivot  Pylon 

20.  00 

Stabilization  Boom 

5.  00 

Weapon  Bay  Fuel  Tanks 

13.00 

Fixed  Armament  Pylon 

0.00 

Fixed  Fuel  Pylon 

9.00 

Pivot  Fuel  Pylon 

20.00 

Forward  Electronic  Bay 

8.00 

Aft  Center  Fuselage- 

8.00 

Spike  Assembly 

17.00 

117.8 

52. 
89.2 
7.5 
58.  5 

408.8 

78. 

812. 


09. 

544. 

570. 

190. 

325. 

105. 

310. 

381. 

263. 

115. 

475. 

998. 

241. 


Material 

Cost 


2594. 

1927. 

8204. 

1824. 


949. 

270. 

1501. 

55. 

389. 

054. 

048. 

278. 

5915. 


$1104. 

2720. 

5130. 

1704. 

0500. 

825. 

4030. 

2280. 

2307. 

2300. 

3800. 

7984. 

4097. 


Material  $/Lb 


Axles,  Trunnions,  Fittings 


100 


1 

1 10  100 

Finished  Weight  (Lbs) 

Figure  61.  Material  Cost  by  Structural  Weight  - 
Axles,  Trunnions,  Fittings. 
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Figure  62.  Material  Cost  by  Structural  Weight  - 
Bullet  Fairing. 
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:i.  :i  ASSEMBLY  CER  MODIFICATION 


3.3.1  HKVIFAV  OF  KXISTINCi  ASSEMBLY  CERs.  I'nder  the*  existing  method,  assem- 
1)1  v costs  are  estimated  I >\  a series  of  CFHs  in  a sequence  as  shown  in  Figure  (>.'(. 

This  represents  a generalized  concept  of  the  assembly  process  developed  for  model- 
ing purposes.  In  the  real  world,  assembly  operations  may  vary  from  this  idealized 
concept.  This  concept  assumes  that  ribs,  spars,  covers  (primary  structure  com- 
ponents) are  assembled  as  units,  that  these  are  assembled  as  a structural  component 
(wing,  stabilizers,  fuselage,  nacelles),  that  primary  assembly  occurs  in  one  step 
followed  by  major  mate  of  the  major  components. 

It  will  clarify  the  discussion  to  digress  for  a moment  to  define  the  assembly  terms  as 
they  are  being  used: 

Subassembly  comprises  bench  assembly  and  other  assembly  not  using  an  operation 
and  inspection  log  (OIL)  and  not  requiring  an  assembly  fixture. 

Major  Assembly  comprises  assembly  controlled  by  inspection  log  and  accomplished  in 
an  assembly  fixture. 

Primary  Assembly  involves  the  installation,  assembly  and  check  of  functional 
subsystem  components. 

Major  Mate  is  the  tying  together  of  the  major  structural  components. 

Final  assembly  is  not  included,  although  it  is  a step  in  the  assembly  process,  since 
it  is  related  to  the  entire  aircraft,  including  engines  and  avionics. 

The  existing  assembly  CFHs  are  referenced  in  Figure  Oil  by  the  numbers  appeal  ing 
in  parenthesis.  These  are  reviewed  below  in  connection  with  a discussion  of  their 
modification.  Each  is  a part  of  the  existing,  computerized,  cost  model,  estimating 
logic.  Inputs  are  categorized  by  the  computer  program,  and  the  nature  of  the  various 
inputs  is  made  clear  by  the  CEK  descriptions.  The  numbering  system  corresponds 
to  that  contained  in  Reference  1.  Omitted  numbers  in  the  sequence  are  for  non- 
assembly CERs. 

3.3.2  APPROACH  TO  CER  MODIFICATION.  Modification  of  the  CFHs  to  accomplish 
the  objectives  stated  previously  was  approached  in  the  following  way: 

a.  Determine  whether  any  revisions  ir  he  assembly  sequence  model  are  required 
and  what  interaction  occurs  at  the  detailed  CER  level. 

b.  Identify  the  changes  that  will  occur  in  each  of  the  individual  CERs  due  to  the 
different  assembly  techniques  under  study. 
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Figure  63.  Assembly  CER  Sequence 


c.  Quantity  changes  using  historical  cost  data,  as  available,  augmented  by 
estimating  judgments. 

d.  Modify  input  data  tables  to  reflect  the  above  changes. 

3, 3.  2.  1 Impact  of  Assembly  Alternatives  on  Assembly  Sequence  Model.  Figure  (i:i 
shows  the  model  used  for  estimating  assembly  costs.  It  depicts  the  breakdown  into 
steps  and  gives  their  sequence.  It  is  to  be  determined  whether  this  model  will  serve 
equallv  well  for  the  four  alternative  assembly  techniques  under  study:  automatic 
riveting,  interference  fit  fasteners,  diffusion  bonding  and  adhesive  bonding.  The 
answer  lies  in  the  fact  that  we  are  dealing  with  a model  abstraction,  which  serves  for 
anv  of  the  alternative  techniques.  At  least  this  is  true  for  the  current  degree  of 
usage  for  each.  Automatic  riveting  can  be  expected  to  increase  the  times  when  com- 
ponents such  as  rib  caps  and  spar  caps  are  assembled  directly  onto  a skin  rather  than 
being  assembled  into  a separate  rib  or  spar.  Adhesive  or  diffusion  bonding  would 
have  a similar  effect,  although  these  processes  could  be  applied  at  either  a subassemblv 
or  major  assembly  level.  Use  of  interference  fit  fasteners  would  have  little  effect  on 
the  model,  as  such.  The  major  effect,  and  that  which  is  to  be  considered,  occurs 
within  each  individual  C EH.  This  is  analyzed  and  discussed  in  the  following  section. 

3.  2.  2.  2 CER  Analysis.  The  questions  investigated  in  each  case  consisted  of  the 
following,  answered  for  each  of  the  four  alternative  assembly  techniques: 

a.  Is  the  present  form  of  the  CER  still  adequate  and  can  the  added  techniques  be 
accommodated  solely  by  changes  to  the  estimating  coefficients  and/or 
estimating  factors? 

b.  If  not,  which  terms  are  affected,  and  how  is  this  to  be  handled? 

SUBASSEMBLY  HOURS  FOR  RIBS.  FRAMES,  SPARS,  LONGERONS  AND  COVERS 

T W CM  + W CM  *■  W CM 
i i i i i l 


subassemblv  hours  for  ribs,  frames,  spars,  longerons  and  covers 
corresponding  to  variable  inputs 

weights  used  for  detail  fabrication 

a series  of  complexity  factors  corresponding  to  component  type 
related  to  subassemblv 

summation  of  weights 


where 

II 

i 

VV. 

l 

CM 

i 

VV  T 

i 


E. 

(HF.MVVT.)  ‘ (2) 
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HF.  a series  of  reference  cost  per  pound  values  for  ribs,  frames,  spars, 
longerons,  and  covers  related  to  subassembly  labor 

E,  a series  of  weight  scaling  exponents  for  ribs,  frames,  spars,  longerons, 

and  covers  related  to  subassembly  labor 

Ibe  CER  is  designed  to  permit  the  handling  of  up  to  three  kinds  of  ribs,  spars  or 
covers.  Ibis  is  accomplished  by  means  of  the  first  term, 

W CM.  + W CM  + W CM 
1 1 1 i i i 

WT  ’ 

l 

which  is  a weighted  complexity  factor  taking  into  account  the  different  complexity  of 
each  component  entered.  The  weights  entered  are  a characteristic  of  the  design  and 
are  to  be  obtained  from  a weight  estimate. 

The  term  HF  represents  a baseline,  historical  cost  for  a selected  type  of  material  and 
construction.  The  term  CM  is  a complexity  factor  that  quantifies  the  effect  of  alterna- 
tive types  of  material  or  construction.  With  suitable  modification  of  these  last  two 
terms,  the  basic  CER  for  primary  structure  subassembly  hours  can  be  retained. 

The  operation  of  this  CER  can  be  further  clarified  by  reference  to  Figure  64  (A 
similar  discussion  has  been  provided  for  detail  fabrication).  If  we  start  w ith  the 
available  data  base  as  shown,  the  problem  is  to  fit  a CER  to  these  data  and  to  deter- 
mine the  values  of  the  terms  CM,  HF  and  E.  The  scaling  exponent,  E,  has  been 
derived  from  historical  data  as  a value  of  approximately  0.67  for  a total  hours  curve, 
or  -0.33  on  an  hours  per  pound  basis.  Ibis  is  approximately  an  eighty  percent  slope. 
Ibe  term  HF  is  the  hours  per  pound  value  at  W one  pound,  which  must  be  determined 
for  estimating  purposes.  Complexity  is  quantified  in  terms  of  type  of  construction 
and  type  of  material  (as  is  illustrated,  for  example,  in  Table  29). 

In  the  original  development  of  the  method,  it  was  assumed  that  normalization  of  the 
data  with  respect  to  complexity  would  produce  adjusted  data  points  evidencing  good 
correlation  between  cost  and  weight.  A best  fit  curve  of  these  data  (further  assumed 
to  have  a slope  of  -0.  33)  would  indicate  the  value  of  H at  the  W 1 lb  intercept  on  a 
log- log  plot. 

Normalization  by  independently  developed  complexity  factors  taken  from  Table  38  (see 
Reference  1)  produces  the  adjustments  shown  in  Figure  65.  The  types  of  construction 
and  material  involved  in  the  data  shown  are  described  in  Table  30.  In  the  cases  where 
more  than  one  type  of  construction  is  involved,  an  approximate  weighting  is  used: 

3 to  1 by  weight  for  built-up  to  integral  for  the  C— 141  horizontal  stabilizer  and  3 to  1 
by  weight  for  integral  web  to  sheet  web  for  the  VFX  horizontal  stabilizer.  Ibe  A-X 
components  require  no  adjustment  since  the  type  of  construction  is  the  reference  point 
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Table  .'SO.  Rib  Subassembly  by  Material  and  Construction  Type 


Aire  raft /Component 

Type  of 
Construction 

Type  of 
Material 

C-141  Horizontal  Stabilizer 

Built  Up  and 
Integral  Truss 

Aluminum 

C-5A  Horizontal  Stabilizer 

Built  Up  Truss 

Aluminum 

A-X  Wing 

Built  Up  Web 
Stiffener 

Aluminum 

A-X  Horizontal  Stabilizer 

Built  Up  Web 
Stiffener 

Aluminum 

1 

VFX  Horizontal  Stabilizer 

Sheet  Web  and 
Integral  Web 
Stiffener 

Titanium 

F-lll  Wing 

1 

Integral  Truss 

Aluminum 

with  an  assigned  complexity  of  one.  The  F-lll  wing  and  the  VFX  horizontal  represent 
anomalies  as  far  as  complexity  is  concerned  because  this  assembly  task  was  pre- 
dicted as  zero.  The  explanation  for  this  is  that  in  the  actual  data,  the  necessary  hand 
finishing  for  the  machining  operation  (classified  as  detail  fabrication)  is  considered  as 
assembly.  Ihis  is  an  unresolved  discrepancy  as  far  as  the  complexity  factors  are 
concerned  because  the  amount  of  handfinishing  is  unpredictable. 

The  resulting  data  still  exhibits  a great  deal  of  scatter.  This  is  typical  of  data  at  a 
detailed  level.  A choice  of  parameters  other  than  weight  does  not  improve  the 
correlation. 

'Hie  selection  of  a value  for  11 F then,  is  done  by  analogy.  Maintaining  the  assumption 
of  a constant  value  for  the  scaling  exponent,  a curve  is  drawn  thin  the  most  nearly 
analogous  component;  and  the  reference  cost  per  pound  is  that  shown  for  W 1 lb. 
Complexity  then  is  determined  by  an  additional  analysis.  It  is  evident  then  that  a 
generalization  of  complexity  factors  requires  a broader  data  base. 

The  HF  value  currently  in  the  computer  model  is  that  depicted  in  Figure  65  by  A:  a 
value  for  subsonic  aircraft  of  1-1.5  hours  per  pound  at  a weight  of  one  pound.  The 
complexity  factors  shown  in  Table  29  for  conventional  structure  were  applied  to  that 
baseline  for  the  demonstration  test  case  described  in  Reference  1.  Since  the  A-X 
components  are  built-up  web  stiffeners,  the  most  nearly  analogous  baseline  reference 
is  R.  This  gives  a value  for  HF  of  26  hours  per  pound  to  which  the  complexity  factors 
would  then  be  applied. 


i:»5 


d 


HOURSPER  POUND 


WEIGHT  (LB) 


Figure  65.  Rib  Subassembly  Hours  Per  Pound  Against  Weight 


Completion  of  the  CKR  analysis  requires  review  of  the  previously  developed  complex- 
ity factors  anti  development  of  expanded  tables  to  include  factors  for  advanced  assem- 
f >1  s techniques.  The  resulting  factors  are  shown  in  Tables  31  through  36.  The  sup- 
porting reference  estimating  factors  are  derived  in  Figures  66  through  70  and  sum- 
marized in  Table  37. 

3.  3.  2.  3 Factor  Development.  Factors  for  interference  - fit  fasteners  were  deter- 
mined bv  means  of  an  Industrial  Engineering  time  study.  Conditions  under  which  the 
time  study  was  made  were  established  by  Manufacturing  Research.  The  work  was 
done  at  bench  level  by  shop  personnel  in  connection  with  an  ongoing  manufacturing 
project.  The  times  shown  in  Table  38  ;ire  the  result  of  that  study.  Each  listing  is 
based  on  the  installation  of  one  hundred  3/16"  fasteners.  Times  are  given  in  actual 
decimal  hours. 


Table  38.  Interference- Fit  Fastener  Effects 


Steel 

Titanium 

Steel 

Titanium 

Hi  - Lok 

Hi-  Lok 

Hucks 

Hucks 

Insert  in  Hole 

. 0009 

.0012 

. 0013 

Insert  & Tap  in  Hole 

.0011 

Seat  - Drive  Flush 

. QOIO 

.0014 

. 0016 

Seat  - Low  Press.  Pull 

. 0006 

Nut  on  & 'Tighten  - Air 

. 0014 

.0014 

Collar  On  & Set  - Pull 

.0012 

Collar  On  & Hi  Press  Rill 

.0013 

Total  Decimal  Hours 



. 0033 

. 0040 

. 0030 

.0041 

The  factors  for  interference  fit  are  determined  as  follows:  In  Table  38  data,  the  seating 
operations  constitute  the  added  effort  associated  with  interference-fit  fasteners.  The 
ratio  of  total  hours  to  totals  hours  less  these  hours  indicates  the  magnitude  of  the 
added  fastener  installation  task,  l'hese  ratios  are  given  in  Table  39. 


Table  39.  Adjusted  Hours  Ratios 


Steel 

Titanium 

Steel 

Titanium 

Hi- Lok 

Hi- Lok 

Hucks 

Hucks 

Total  Decimal  Hours 

. 0033 

.004 

. 003 

.0041 

Adjusted  Hours 

. 0023 

. 0026 

. 0024 

. 0025 

Ratios 

1.43 

1.54 

1.25 

1.64 
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Table  -SI.  Aerodynamic  Surfaces  - Ribs,  Complexity  Factors  for  Subassembly  (CM) 


Built-Up 

Web 

Stiffener 


Built-Up 

Truss 


Sheet 

Web 


Corrugated 

Web 


Intogr  al 
Web 

Stiffener 


Type  of  Construction 


Conventional 
Automatic  riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbonding 


Conventional 
Automatic  riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbonding 


Conventional 
Automatic  Riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbondinu 


Conventional 
Automatic  riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbonding 


Conventional 
Automatic  riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbonding 


\ 

Integral 
Truss 


f 


Conventional 
Automatic  riveting 
Interference  - fit  fasteners 
Diffusion  bond  riveting 
Weldbonding 


Fable  i-.  Fuselage-  Frames  and  Bulkheads,  Complexity  Factors  for  Subassembly  (CM) 


MATERIAL 

Type  of  Construction 

Aluminum 

Titanium 

Low  Carbon 

Steel 

Stainless 

Steel 

Built-Up 

Conventional 

1.0 

1.75 

1.  19 

2.33 

Web 

Stiffener 

Automatic  riveting 

.73 

1.277 

. 868 

1.700 

Interference  - fit  fasteners 

1.154 

2.019 

: 1.373 

2.688 

Diffusion  bond  riveting 

. 86 

1.505 

1.023 

2.003 

Weldbonding 

.93 

1.627 

1.  106 

2.  166 

Conventional 

0.  89 

1.57 

1.07 

2.  10 

Built-Up 

Automatic  riveting 

.712 

1.255 

. 855 

1.679 

Truss 

Interference  - fit  fasteners 

.993 

1.751 

1.  193 

2.343 

Diffusion  bond  riveting 

.801 

1.412 

.962 

1.  889 

Weldbond  ing 

.845 

1.490 

1.  015 

1.993 

Sheet 

Web 

Conventional 

— 

— 

- 

— 

Automatic  Riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

— 

— 

— 

— 

Weldbonding 

Corrugated 

Web 

Conventional 

2.08 

2.58 

2.22 

2.98 

Automatic  riveting 

- 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

— 

— 

— 

— 

Weldbonding 

Integral 

Web 

Conventional 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Stiffener 

Diffusion  bond  riveting 

— 

—— 

Weldbonding 

Conventional 

— 

— 

— 

— 

Integral 

Automatic  riveting 

— 

— 

— 

— 

Truss 

Interference  - fit  fasteners 

Diffusion  bond  riveting 

— 

— 

Weldbonding 

Table  :W 


Aerodynamic  Surfaces  - Spars,  Complexity  Factors  for  Subassembly  (CM) 


MATE  RIA  L 

Type  of  Construction 

Low  Carbon 

Stainless 

Aluminum 

Titanium 

Steel 

Steel 

Built-Up 

Web 

Stiffener 

Conventional 
Automatic  riveting 

1.0 
. 6G 

1.72 

1.135 

1.2 

.792 

2.31 

1.524 

Interference  - fit  fasteners 

1. 194 

2.053 

1.432 

2.758 

Diffusion  bond  riveting 

.83 

1.427 

.996 

1.917 

Weldbonding 

.91 

1.565 

1.  092 

2.102 

Conventional 

1.2 

1.52 

1.  28 

mm 

Built-Up 

Automatic  riveting 

. 80 

1.013 

. 853 

ISI 

Truss 

Interference  - fit  fasteners 

1.425 

1.  804 

1.519 

ESEfl 

Diffusion  bond  riveting 

.990 

1.201 

1.062 

1.469 

Weldbonding 

1.092 

1.383 

1.  164 

1.610 

Sheet 

Web 

Conventional 

— 

- 

— 

— 

Automatic  Riveting 

— 

~~~ 

Interference  - fit  fasteners 

Diffusion  bond  riveting 

— 

“ 

“ 

Weldbonding 

Corrugated 

Web 

Conventional 

3.84 

5.4 

4. 22 

6.75 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

Diffusion  bond  riveting 

- 

- 

Weldbonding 

| | 

Integral 

Web 

Stiffener 

Conventional 

— 

— 

— 

— 

Automatic  riveting 
interference  - fit  fasteners 

— 

— 

— 

Diffusion  bond  riveting 

— 

Weldbonding 

Conventional 

— 

- 

— 

— 

Integral 

Automatic  riveting 

— 

~ 

Truss 

Interference  - fit  fasteners 

— 

Diffusion  bond  riveting 

“ 

— 

* 

Weldbonding 
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Table  34.  Fuselage  - Longerons,  Complexity  Factors  for  Subassembly  (CM) 


Type  of  Construction 

MATERIAL 

Aluminum 

Titanium 

Low  Carbon 

Steel 

Stainless 

Steel 

Built-Up 

Conventional 

1.0 

1.72 

1.2 

2.31 

Web 

Automatic  riveting 

.66 

1035 

.792 

1.524 

Stiffener 

Interference  - fit  fasteners 

1.  194 

2.053 

1.432 

2.758 

Diffusion  bond  riveting 

.83 

1.427 

.996 

1.917 

Weldbonding 

.91 

1.565 

1.092 

2.102 

Conventional 

1.2 

■Em 

1.28 

1.77 

Built-Up 

Automatic  riveting 

.80 

■S3 

. 851 

1.180 

Truss 

Interference  - fit  fasteners 

1.425 

1.804 

1.519 

2.101 

Diffusion  bond  riveting 

.996 

1.261 

1.062 

1.469 

Weldbonding 

1.092 

1.383 

1.164 

1.610 

Conventional 

— 

— 

— 

— 

Automatic  Riveting 

— 

— 

— 

“““ 

Interference  - fit  fasteners 

— 

~ 

— 

Diffusion  bond  riveting 

— 

— 

— 

Weldbonding 

Conventional 

3.  85 

5.4 

4.22 

6.75 

Corrugated 

Automatic  riveting 

— 

— 

— 

Interference  - tit  fastener* 

— 

— 

Diffusion  bond  riveting 

— 

- 

I- 

Weldbonding 

~~~~ 

Conventional 



Integral 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

— 

— 

— 

— 

Weldbonding 

Conventional 

— 

— 

— 

— 

Integral 

Automatic  riveting 

— 

— 

- 

— 

Truss 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

— 

— 

— 

— 

Weldbonding 

— 

— 

! 
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Table  ‘Jfj.  Aerodynamic  Surfaces  - Covers,  Complexitv  Factors  for  Subassembh'  (CM) 


Type  of  Construction 

MATERIAL 

Aluminum 

Titanium 

Built-Up 

Conventional 

1.0 

2.24 

1 

3.22 

Skin 

Automatic  riveting 

.68 

1.523 

2.189 

Stringer 

Interference  - fit  fasteners 

1. 186 

2.656 

3.818 

Diffusion  bond  riveting 

.84 

1.881 

2.704 

Weldbonding 

.92 

2.060 

m 

2.962 

Conventional 





.. 

Integral 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Stringer 

Diffusion  bond  riveting 

- 

- 

- 

- 

Weldbonding 

Machined 

Conventional 

— 

— 

— 

— 

Plate 

Automatic  Riveting 

— 

— 

— 



Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

- 

- 

- 

- 

Weldbonding 

Conventional 

— 

— 

— 

— 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

* 

Diffusion  bond  riveting 

- 

- 

- 

- 

Weldbonding 

Conventional 

3.5 

- 

- 

Sandwich 

Automatic  riveting 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

- 

- 

- 

- 

Weldbonding 

' 

MATERIAL 


Type  of  Construction 

Aluminum 

l 

mmm/gSm 

Stainless 

Steel 

Built-Up 

Conventional 

1.0 

2.24 

1.33 

3.22 

Skin 

Automatic  riveting 

.68 

1.523 

.904 

2.189 

Stringer 

Interference  - fit  fasteners 

1. 186 

2.656 

| 1.577 

3.818 

Diffusion  bond  riveting 

.84 

1.881 

1.117 

2.704 

Weldbonding 

.92 

2.060 

1.223 

• 

2.962 

Conventional 

. 

. 



Integral 

Automatic  riveting 

— 

— 

— 

— 

Skin 

Interference  - fit  fasteners 

— 

— 

— 

— 

Stringer 

Diffusion  bond  riveting 

— 

- 

— 

— 

Weldbonding 

— 

— 

Machined 

Conventional 

— 

- 

— 

— 

Plate 

Automatic  Riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

Diffusion  bond  riveting 

— 

— 

— 

— 

Weldbonding 

— 

— 

— 

— 

Conventional 

— 

— 

— 

— 

Automatic  riveting 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

* 

Diffusion  bond  riveting 



— 

— 

— 

Weldbonding 

* 

— 

Conventional 

3.5 

- 

- 

- 

Sandwich 

Automatic  riveting 

— 

— 

— 

— 

Interference  - fit  fasteners 

— 

— 

— 

— 

Diffusion  bond  riveting 

___ 

___ 

— 

Weldbonding 

— 

— 

— 

— 
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HOURS  PER  POUND 


HOURS  PER  POUND 


WEIGHT  (LB) 


Figure  07.  Cover  Subassembly  Hours  Per  Pound  Against  Weight 
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HOURS  PER  POUND 


HOURS  PER  POUND 


SUBASSEMBLY  LA  BOR 
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Factor  of  2.0  on  Aerodynamic  Surfaces 
Factor  of  3.  0 on  Aerodynamic  Surfaces 


These  ratios  are  applied  to  the  data  developed  for  the  complexity  factor  determina- 
tion, as  described  in  Reference  1,  Appendix  G,  to  arrive  at  modified  factors.  This 
was  done  as  described  below. 

Ha  starting  point  is  the  data  developed  by  Industrial  Engineering:  the  estimated  cost 
of  a representative  structural  element  as  illustrated  in  Figure  71  (Figure  G-6  from 
Reference  1).  The  figure  shows  4.0  hours  required  for  subassembly  of  a built-up 
truss  type  of  rib.  This  figure  is  adjusted  by  the  ratios  from  Table  39  in  the  following 
manner: 


Total  subassembly 

4. 0 hours 

Riveting 

1 . 0 hours 

Total  less  riveting 

3. 0 hours 

Ratio  from  Table  39:  (Ave.) 

1.465  hours 

Adjusted  estimate  for  riveting 

1.465  hours 

Adjusted  total 

4.  465  hours 

Facto i to  be  app lied  (4.  465  + 4) 

1.116  hou  rs 

A factor  is  calculated  for  each  of  the  rib,  spar  and  cover  sets  of  data  contained  in 
Appendix  G of  Reference  1.  The  resulting  factors  are  entered  in  Tables  31  through 
30.  The  factor  calculated  above  is  entered  in  Table  31  after  being  multiplied  bv  the 
factor  for  the  conventional  approach  for  aluminum  material.  The  materials  identified 
in  Tables  31  through  36  apply,  of  course,  to  the  material  being  joined  rather  than  the 
fastener  material.  The  complexity  of  hole  drilling  in  various  metals  is  accounted 
for  in  the  original  set  of  factors  in  these  tables. 

Factors  for  automatic  riveting  were  developed  from  data  based  on  Ft.  Worth  manufac- 
turing technology  study  (FMIt  73-2250)  examined  the  use  of  automatic  riveting  for 
lightweight  fighter  type  structure  and  compared  assembly  costs  to  handriveting  methods. 
Manual  to  automatic  riveting  recurring  cost  ratios,  that  were  developed  for  generation 
of  cost  savings  associated  with  specific  aircraft  production  quantities,  were  identified 

!and  used  as  a partial  data  base  for  the  development  of  automatic  riveting  complexity 
factors.  The  above  manual  to  automatic  riveting  ratios  were  used  in  conjunction  with 
additional  Ft.  Worth  data  developed  at  the  subassembly  level  that  compares  handriveting 
with  drivematic  (automatic)  riveting.  The  ratio  of  handriveted  standard  hours  to  drive- 
matic  standard  hours  was  computed  for  each  of  the  identified  assemblies.  These  ratios 
were  combined  with  those  from  FMR  73-2250  to  yield  a weighted  average  of  the  two  data 
sources.  The  weighted  automatic  riveting  average  is  approximately  5 to  1 as  shown  in 
Figure  72.  This  automatic  riveting  ratio  was  then  used  in  a fashion  similar  to  that  for 
the  interference  fit  fasteners.  For  each  type  of  construction  technique  that  requires 
riveting  a factor  was  developed  based  on  the  percentage  of  subassembly  attributed  to 
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Figure  71.  Built-Up  Truss  Rib  Analysis 


Manual  Automatic  Recurring  Cost  Ratios 


7.  29 
3.35 
10.  69 


X 7.  1 1 
1 


Automatic  Riveting** 


1.  18 

2.  81 
4.  16 

2.38 
2.29 
2.  73 
3.34 

2.  95 

3.  55 

4.  7G 
4.  53 


> Automatic  Riveting  Vs  Sub- Assembly*** 


X + X.;  3.15  + 7.11 

1 — 


5.  13 


X,  3.15 


‘Automatic  Riveting  capital  investment  is  external  to  these  ratios. 

* * Ft.  Worth  Manufacturing  Technology  FMR  73-2250  by  W.  R.  King 
***Ft.  Worth  Memo  by  M.  O.  Skinner 


i 
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Figure  72.  Automatic  Riveting 
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riveting  anti  the  automatic  riveting  ratio.  'Hie  calculations  to  develop  these  automatic 
riveting  factors  appear  in  Fable  lb*  bach  of  these4  factors  is  ixised  on  aluminum  and 
is  developed  independent  of  material  type  with  the  assumption  being  that  the  automatic 
versus  hand  riveting  costs  are  a function  of  the  amount  of  riveting  required  to  produce 
a given  type  of  structure  and  not  material  type  per  se.  As  a second  order  effect  the 
decision  to  use  handriveting  or  automatic  riveting  on  the  basis  of  material  type  is  a 
question  that  should  be  addressed  with  further  research  but  is  bevond  the  scope  of 
current  funding  and  the  available  data  base.  The  above  automatic  riveting  factors  have 
been  expanded  to  other  material  types  based  on  the  relative  cost  ratios  associated  with 
different  materials  where  conventional  riveting  is  used.  Documentation  of  the  above 
aluminum  automatic  riveting  factors  and  ratioed  other  material  automatic  liveting 
factors  appears  in  Fables  31  through 36.  It  is  important  to  note  that  the  automatic 
riveting  factors  developed  in  Table  40  have  as  a baseline  the  complexity  factor  for  a 
given  type  of  structure  using  conventional  riveting  and  this  factor  isn’t  necessarily 
1.0.  The  automatic  riveting  factors  represent  the  percentage  reduction  in  the  com- 
plexity factor  associated  with  a given  type  of  construction  (using  conventional  riveting) 
that  is  required  to  provide  for  automatic  riveting. 


Factors  for  diffusion  bond  riveting  were  developed  in  a similar  fashion  to  those  of 
automatic  riveting  and  interference  fit  fasteners,  lhe  elemental  ratio  that  conti ols 
the  values  of  the  diffusion  bond  riveting  factor  calculation  matrix  shown  in  Table  41 
is  the  diffusion  Ixmd  I'iveting  ratio,  rhe  ratio  of  . 6/1.0  was  selected  based  on  Convait 
performed  manufacturing  technology  research  (Reference  6V  In  this  lesearch  repoit 
cost  comparisons  are  made  of  various  fastening  techniques  and  diffusion  bond  liveting. 

I sc  of  this  ratio  provides  a basis  fob  the  development  ol  dillusion  bond  liveting  latios 
that  are  similar  in  use  to  those  factors  developed  for  automatic  riveting  and  interfer- 
ence  fit  fasteners.  As  before,  the  complexity  factors  developed  for  an  aluminum  con- 
struction are  2'atioed  to  provide  for  other  types  of  material.  Documentation  of  the 
above  complexity  factors  appears  in  Tables  31  through  36. 

Factors  for  weldbonding  were  developed  In  a similar  way  to  the  earlier  factors.  Manu- 
facturing development  research  work  was  reviewed  to  provide  a basis  for  a weldbonding 
ratio  to  specify  the  relative  cost  of  fastening  by  weldbonding  compared  to  conventional 
manual  riveting.  Table  42  summari7.es  and  averages  the  ratios  of  weldbonding  to  hand- 
riveting  costs  that  were  recorded  in  the  identified  documents.  The  average  value  of 
the  total  sample  = .80)  of  weldbonding  ratios  was  used  to  generate  the  weldbonding 
factors  developed  in  Table  43.  The  factors  shown  at  the  bottom  of  the  Table  were  then 
used  in  a similar  fashion  to  those  developed  for  automatic  riveting,  interference  fit 
fasteners  and  diffusion  bond  riveting  to  develop  complexity  factors  for  weldbonding 
fastening.  The  developed  complexity  factors  for  weldbonding  are  summarized  along 
with  the  other  complexity  factors  in  Tables  31  through  36. 
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Table  40.  Automatic  Riveting 
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Table  -41.  Diffusion  Bond  Riveting 
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Table  42.  Weldbonding  Cost  Advantage  Ratios 


Planning  Memo,  June  1973,  Reference  7 .36 

.32 

Weldbonding  for  Aerospace  Structures  .62 

Dec  1975  Reference  8 

. 56 
.89 
. 79 
.85 
.72 
1.  66 
1. 15 
1.07 
.74 

X .80 

Weldbonding  Cost 
ltatl°  Hand  Riveting  Cost 


= . 34 


X 


9 


= .90 


7.  "Improvement  of  Titanium  Weldbonding  for  High- Performance  Aircraft  Struc- 
tures", Convair  Memo  RLS-491-0,  June,  1973, 

8,  J.  C.  Gray  and  R.  L.  Szabo,  "Weldbonding  for  Aerospace  Structures",  Convair 
Report  CASD-KRR-75-039,  December,  1975. 


Table  43.  Weldbonding 
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3. 3. 2. 4 Equation  Modifi  :atlons.  Major  Assemblj  —Majors 

required  to  join  primary  structure  items  after  subassembly  has  been  compli  trd.  It  r- 
the  lowest  level  of  assembly  requiring  assembly  fixtures  and  operation  and  inspection 
io£  control.  Its  interface  with  the  total  manufacturing  process  is  shown  in  Figure  73. 

The  decision  to  use  automatic  riveting  in  the  major  assembly  process  impacts  the  hole 
drilling  estimating  equation  since  automatic  riveting  provides  for  automatic  drilling  as 
well.  The  current  hole  drilling  hours  estimating  equation  for  aero  surfaces  and  fuse- 
lage can  be  modified  bv  adding  two  terms,  viz. , AU  (automatic  riveting  factor)  and 
AP  (automatic  riveting  percentage  factor).  The  automatic  riveting  factor  is  a constant 
whose  value  is  .2  and  reflects  the  hole  drilling  advantages  of  conditions  where  all 
manual  riveting  could  be  done  by  automatic  riveting  equipment.  Since  any  real  riveting 
situation  has  some  rivets  that  cannot  be  placed  and  formed  by  automatic  equipment  a 
second  factor  (AP)  that  identifies  the  percentage  of  total  rivets  that  can  be  formed  by 
automatic  techniques  is  required.  The  factor  takes  values  from  . 2 to  1.0  depending 
on  the  percentage  of  total  riveting  that  can  be  accomplished  by  automatic  means. 

Table  44  shows  the  values  of  AP  that  are  appropriate  for  various  percentages  of  rivets 
that  can  be  accomplished  by  automatic  means. 


The  modified  equation  for  aero  surface  and  fuselage  hole  drilling  that  now  provides  for 
automatic  riveting  is  as  follows: 


H.  = 2 |(RP)R  (RN) 


Q 


(SPE)R  (SNE  + SNI) 


Q 


(HD)  (TJ4) 


(Modified  Elquation  No. 


7*) 


The  decision  to  use  automatic  riveting  or  interference  fit  fasteners  in  the  major 
assembly  process  impacts  the  fastener  installation  estimating  relationship  in  a similar 
fashion  to  that  for  hole  drilling.  As  above  for  automatic  riveting  hole  drilling  the 
factors  AU/AP  must  be  added  with  identical  values  to  those  above.  For  interference  fit 
fasteners  the  factors  IF/IP  must  be  added  with  IE’  having  a constant  value  of  1. 5 and 
IP  taking  on  values  of  1. 5 to  1.0  depending  on  the  percentage  of  total  fasteners  that  are 
interference  fit  fasteners.  Table  45  shows  the  values  of  IP  that  are  appropriate  for 
various  percentages  of  fasteners  that  are  interference  fit.  The  modified  equation  for 
fastener  installation  for  aero  surface  and  fuselage  that  now  provides  for  automatic 
riveting  or  interference  fit  fasteners  is  as  follows: 


H.  = 2 [ (RP)R  (RN)Q  + (SPE)R  (SNE  + SNI)Q] 

/ IF**\ 

(HFI)  (TJ4)  (FF2)  ( — I (Modified  liquation  No.  9*) 


♦AFFDL-TR-75-44,  Vol.  II,  Part  1,  May  1975  (Reference  1) 
**Or'~  for  automatic  riveting 
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Final  Assembly***** 

* 


Major  Mate**** 


Primary  Assembly*** 
Primary  A 

Structure 

(Wing,  Fuse,  Etc. ) 


Secondary 
Structu  re 

(Wing,  Fuse,  Etc. ) 


Major  Component  Assembly 
(Wing,  Fuselage,  Etc. ) 


Detail  Fabrication 


Subassembly* 


Detail  Fabrication 


‘Bench  assembly  not  requiring  assembly  fixtures. 

‘‘Lowest  level  assembly  requiring  assembly  fixtures  and  operation  and  inspection 
log  (OIL)  control. 

** ‘Installation,  assembly  and  checkout  of  functional  subsystems. 

*** ’Joining  together  of  major  structural  components  (wing,  fuselage,  etc.). 
’•“’Highest  level  assembly  where  engines  and  avionics  are  added. 


Figure  73.  Manufacturing  Interface  Diagram 


Table  44.  Automatic  Riveting  Percentage  Factor  Values 


Percentage 
of  rivets 
formed  by 
automatic  means 

Value  of 
AP  Factor 

0 

.20 

25 

.40 

50 

.60 

75 

.80 

100 

1.00 

1 

Table  4.1.  Interference  Fit  Fastener  Percentage  Factor  Values 


Percentage  of  Total 
Fasteners  that  are 
Interference  Fit 

| 

Value  of 
IP  Factor 

0 

1.  5 

25 

1.575 

50 

1.25 

75 

U125 | 

100 

1.0 

■- 

J 

Hit) 


4 EVALUATION  OF  COMMONALITY 


Commonality  refers  to  the  degree  to  which  a piece  of  structure  or  other  system  is 
composed  of  similar  or  identical  parts.  High  commonality  implies  a high  degree 
of  part  similarity  and  low  commonality  a low  degree  of  part  similarity.  I he 
following  sections  develop  a cost  methodology  for  the  determination  of  the  recurring 
production  cost  impacts  of  varying  degrees  of  commonality  and  a discussion  of  the 
production  run  set  up  cost  impacts  of  commonality. 

3.  4.1  COMMONALITY  EFFECTS  ON  RFC  CURING  PHODI  CTION  COSTS.  The 
production  cost  benefits  of  commonality  can  be  conveniently  categorized  into  recurring 
and  non-recurring  cost.  The  non-recurring  cost  benefits  accrue  from  reduced 
production  set  up  costs  since  the  production  of  identical  parts  requires  only  one 
set-up  rather  than  many.  The  recurring  cost  benefits  accrue  from  reduced  unit 
costs  that  are  the  result  of  greater  learning  on  longer  production  runs.  Idealy,  it 
would  be  desirable  to  identify  each  structural  part  that  is  produced  in  quantity  and 
account  for  the  commonality  cost  benefits  associated  with  producing  identical  parts 
rather  than  distinctly  different  ones.  Practical  modeling  and  funding  constraints, 
however,  dictate  that  a more  generalized  approach  be  used.  Such  a generalized 
approach  has  lx;en  developed  by  examining  the  boundary  conditions  of  a given  piece  of 
structure,  i.e. , the  case  where  there  is  no  commonality  of  parts  and  the  case  where 
there  is  complete  commonality  of  parts.  Formulation  of  mathematical  expressions 
for  these  boundary  sets  of  conditions  can  then  lx;  combined  to  provide  a formulation 
for  the  generalized  condition  of  a mix  of  common  and  uncommon  parts.  For  the 
condition  where  there  are  no  common  parts,  learning  can  lx;  accounted  for  at  the 
aggregate  level  by  the  following  expression: 

b 

a (SS> 

where 

a first  unit  cost  of  aggregate  structure 
ss  number  of  shipsets  of  aggregate  structure 
b learning  factor 

For  the  condition  where  there  are  no  uncommon  parts  in  an  aggregate  piece  of 
structure  (e.g. , the  case  of  all  the  ribs  in  a constant  cord  airfoil)  learning  can  lx- 
accounted  for  by  the  following  expression: 

^ ^ (S.S  X NCP,  b 


where 

a first  unit  cost  of  aggregate  structure 
NCP  numlx'r  of  common  parts 
b learning  factor 
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To  deal  with  ihe  more  common  case  where  there  is  a mixture  of  common  part;'  and 
uncommon  parts  a composite  equation  that  represents  a weighted  distribution  of 
the  contribution  of  the  common  and  uncommon  parts  to  the  total  cost  is  used.  This 
equation  is  shown  below  and  requires  the  additional  variable  of  p;  which  is  a measure 
of  the  percentage  of  aggregate  structure  that  is  composed  of  common  parts.  The 
specific  equation  is  as  follows: 

(Equation  a)  . 

b p (at 

Cost  (1  - p)  a (SS)  + 

where 

a first  unit  cost  of  aggregate  structure 
NCP  number  of  common  parts 
SS  = number  of  shipsets  of  aggregate  structure 
b * learning  factor 

p = percentage  of  parts  that  are  common  by  part  count 

For  the  primary  structure,  consisting  of  ribs,  spars,  covers,  frames  and  longerons 
specific  equations  based  on  Equation  a above  have  been  developed  for  both  detail 
fabrication  and  subassembly.  A tabulation  that  identifies  the  proper  equation  to  be 
used  with  each  piece  of  primary  structure  appears  for  detail  fabrication  and  subassem 
as  Table  46  and  Table  47.  The  letter  identified  with  each  piece  of  primary  structure 
refers  to  the  equations,  A thru  J,  shown  in  Figure  73.  The  letter  identified  with 
each  piece  of  secondary  structure  refers  to  the  general  secondary  structural  equation 
form  shown  below; 

Equation  K:  . „ 

b p (TFU) 

Secondary  Structure  = ( 1 — p)  TFU  (SS)  + p — ‘ 

Item  cost 

where 

p percentage  of  secondary  structure  item  that  has  common  parts  * 

TFU  =*  Theoretical  First  Unit  cost  of  secondary  structure  item 

SS  = Number  of  shipsets 

NCP  = Number  of  common  parts 

b - learning  factor 

* Determined  by  part  count;  or  cost,  if  available. 

A simplified  graphic  presentation  of  the  proper  determination  of  the  number  of  common 
parts  (NCP)  for  the  three  possible  conditions  of  complete,  partial  and  no  commonality 
appears  below; 


SS(NCP) 


SS  (NCI 


’’J 


N'CP  DETERMINATION 


Fin  (None) 


— TFU H 

VC  P=  3 


Engine  Provisions  (Partial) 


A/C  p-f 


Leading  Edge  (Partial) 


! 


A/  C P - Pi 


Balance  Weights  (Complete) 


*See  Figure  73 

Note:  Above  equations  are  used  to  account  for  recurring  (learning  curve)  cost  benefits  of  commonality 


Table  47.  Commonality  Equations*  for  Subassembly  of  Primary  and  Secondary  Structure 


Note:  Above  equations  are  used  to  account  for  recurring  (learning  curve)  cost  benefits  of  commonality 


Equation  A: 


b 


Ribs  Cost  = (1-fy)  Hj-,  (SS)  + 
(Total  Procurement) 


Pr 

NCR 


SS  (NCR) 


where 

Pr  = percentage  of  ribs  that  are  common  by  part  count.  ** 

Rd  = Detail  fabrication  cost  of  ribs  in  total  * without  commonality 
SS  = Number  of  shipsets 
NCR  = Number  of  common  ribs 
b = Learning  factor 


Equation  B: 

Spars  Cost  = (1-Ps)  SD  (SS)  b + 

(Total  Procurement) 

where  Ps  = percentage  of  spars  that  are  common  by  part  count.  ** 

S^  Detail  fabrication  cost  of  spars  in  total  * without  commonality 

SS  Number  of  shipsets 

NCS  = Number  of  common  spars 

b = learning  factor 


SS  (NCS) 


Equation  C: 

Covers  Cost  (1  - Pc)  Cq  (SS) 
(Total  Procurement) 


Pc  (CP) 
NCC 


I SS  (NCC> 

L 


b 


Pc  percentage  of  covers  that  are  common  by  part  count.  * ‘ 

Cq  Detail  fabrication  cost  of  covers  in  total  + without  commonality 
SS  Number  of  shipsets 
NCC  Number  of  common  covers 
b learning  factor 


* Complete  shipset 

* * Or  by  cost;  il  available 


Figure  7-1.  Commonality  Equations 


Equation  D: 


where 


Frames  Cost  = (1-Pf)  F^  (SS) 
(Total  Procurement) 


NCF 


SS  (NCF)  j 

-1 


Pf  = Percentage  of  frames  that  are  common  by  part  count.  ** 

Fq  = Detail  fabrication  cost  of  frames  in  total  * without  commonality 

SS  = Number  of  shipsets 

NCF  = Number  of  common  frames 

b = learning  factor 


Equation  E: 

Longerons  Cost  = (l-PjJ  (SS) 
(Total  Procurement) 


PL  <ld> 

NCL 


nb 


SS  (NCL) 


where  - Percentage  of  frames  that  are  common  by  part  count.  ** 

Lj-j  - Detail  fabrication  cost  of  longerons  in  total  * without  commonality 

SS  = Number  of  shipsets 

NCL  = Number  of  common  longerons 

b = Learning  factor 


Equation  F: 


b Pr  (Rs) 

Ribs  Cost  = (1-Pr)  Rs  (SS)  + ^ 1 

(Total  Procurement) 


-i  b 


SS  (NCR) 


where  Pr  = Percentage  of  ribs  that  are  common  by  part  count  ** 

Rs  = Subassembly  cost  of  ribs  in  total  * without  commonality 
SS  = Number  of  shipsets 
NCR  Number  of  common  ribs 
b Learning  factor 


♦ Complete  shipset 
*+  Or  by  cost;  if  available 

Figure  74.  Commonality  Equations  (continued) 
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Equation  G: 

Spars  Cost  = (1  - Ps)  S s (SS) 
(Total  Procurement) 


b 

SS  (NCS) 


where  Ps  = Percentage  of  spars  that  are  common  by  part  count  ** 

Ss  = Subassembly  cost  of  spars  in  total  * without  commonality 

SS  = Number  of  shipsets 

NCS  = Number  of  common  spars 

b = Learning  factor 


Equation  H: 

Covers  Cost  = (1-Pc)  Cs  (SS)  ^ ^ 

(Total  Procurement) 

where  Pc  = Percentage  of  covers  that  are  common  by  part  count  ** 

Cs  = Subassembly  cost  of  covers  in  total  * without  commonality 

SS  = Number  of  shipsets 

NCC  = Number  of  common  covers 

b = Learning  factor 


SS  (NCC) 


Equation  I; 


b Pf  iFsi 

Frames  Cost  = (1-Pf)  Fs  (SS)  + — ^ 
(Total  Procurement) 


b 

SS  (NCF) 


where  Pf  = Percentage  of  frames  that  are  common  by  part  count  ** 

Fs  - Subassembly  cost  of  frames  in  total  * without  commonality 
SS  = Number  of  shipsets 
NCF  Number  of  common  frames 
b = Learning  factor 


* Complete  shipset 
**  Or  by  cost;  if  available 


Figure  74.  Commonality  Equations  <e.  n .>  I 
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Equation  J: 


Longerons  Cost  = (1-P  ) Ls  (SS) 

J_i 

(Total  Procurement) 


b 


PL  (Ls> 

NCL 


SS  (NCL) 


where  PL  = Percentage  of  frames  that  are  common  by  part  count.  ** 

Ls  = Subassembly  cost  of  longerons  in  total  * without  commonality 

SS  = Number  of  shipsets 

NCL  = Number  of  common  longerons 

b = learning  factor 

* Complete  shipset 
**  Or  by  cost;  if  available 

Figure  74.  Commonality  Equations  (continued) 


3.  4.  2 COMMONALITY  EFFECTS  ON  SET  I P COSTS.  Set  up  costs  are  those  costs 
accrued  in  setting  up  or  preparing  machines  as  a preliminary  to  actually  producing  a 
part.  Set  up  costs  specifically  refer  to  the  detail  fabrication  activities  of  a machine 
shop  or  numerically  controlled  production  facility.  Set  up  costs  are  distinguished  from 
run  time  costs  which  accure  when  a piece  or  part  is  actually  being  produced. 

In  general,  set  up  costs  can  be  considered  a distinct  cost  element  whose  magnitude 
is  greatly  dependent  on  the  type  and  complexity  of  the  part  to  be  produced.  If  the 
production  run  of  a particular  part  is  long,  the  contributicn  of  set  up  cost  per  part  is 
small  due  to  cost  spreading.  If  the  production  run  of  a particular  part  is  short  the 
contribution  of  set  up  cost  per  part  can  be  large.  In  quantitative  terms,  for  an  average 
piece  of  machined  structure,  the  set  up  time  would  be  approximately  200  - 250%  of 
the  theoretical  first  unit  run  time.  Assuming  a production  run  of  25  units,  set  up  time 
w ould  reduce  to  8 - 10%  of  production  unit  run  time,  neglecting  for  the  moment  learning 
effects.  From  the  above,  it  can  be  seen  that  the  importance  of  set  up  costs  is  a direct 
function  of  the  quantity  of  parts  produced  by  a given  setup.  To  the  extent  that  commonality 
effects  the  quantity  of  parts  produced  by  a given  setup,  commonality  can  effect  the 
contribution  of  set  up  costs  to  total  productim  costs.  For  purposes  of  analysis  it  is 
useful  and  valid  to  consider  set  up  cost  as  a distinct  element  of  cost  that  can  be 
expressed  as  a percentage  oi  theoretical  first  unit  cost  that  is  independent  of  consideration 
of  commonality  per  se.  With  high  part  commonality  this  set  up  cost  would  be  incurred 
less  frequently  than  would  be  the  case  with  low  commonality.  For  an  average  piece 
of  machined  structure  if  only  one  piece  were  produced  the  set  up  costs  as  a percentage  of 
total  production  costs  would  l>o  significant  (2<)t>  - 250  of  the  theoretical  first  unit  labor 
cost).  Even  with  an  assumption  of  no  commonality,  a reasonable  lot  size  of  25  shipsets 


would  reduce  setup  costs  to  less  than  10%  of  total  production  labor  cost.  Assuming 
commonality  that  involved  the  use  of  10  similar  parts  per  ship  set  reduces  set  up 
costs  to  less  than  1 V of  total  production  labor  cost.  Since  aircraft  production  could 
easily  involve  lot  sizes  of  25  and  some  degree  of  commonality  would  1x2  present  the 
effect  of  changes  in  commonality  on  set  up  costs  as  a percentage  of  production  costs 
become  relatively  insignificant.  This  fact  coupled  with  the  fact  that  the  current  cost 
model  has  set  up  costs  buried  in  unit  production  cost  (thereby  making  set  up  costs 
difficult  to  identify  and  isolate)  leads  to  the  decision  to  not  provide  a modification  to  the 
existing  program  to  provide  for  set  up  cost  sensitivity  to  changes  in  degree  of  common- 
ality. In  addition,  the  task  of  modeling  the  complete  effects  and  sensitivities  of  set 
up  costs  is  a complex  one  appropriate  to  the  production  level  rather  than  the  design 
level.  Set  up  costs  are  a complex  phenomenon  that  involves  consideration  of  hardware 
design,  specific  machine  capabilities,  lot  sizes,  factory  layout  and  schedule  require- 
ments and  as  sucli  should  be  part  of  a detailed  factory  production  plan  but  not  a design 
trade  study  cost  model  such  as  the  current  one. 
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3.5  PRODUCTION  RATE  EFFECTS 


Production  rate  effects  refer  to  those  cost  impacts  associated  with  changes  in  the  rate 
at  which  an  element  or  complete  aerospace  vehicle  is  produced.  This  research  effort 
deals  first  with  a review  of  the  pertinent  literature  in  Section  3.5.  1 and  then  the 
analysis  and  development  of  cost  estimating  relationships  to  quantitatively  assess  the 
impacts  of  production  rate  effect  in  Section  3.5.2. 

3.5.  1 LITERATURE  REVIEW  — A literature  search  for  published  and  unpublished 
material  associated  with  production  rate  effects  on  hardware  production  costs  was 
made.  A reasonable  selection  of  source  documents  was  assemblied  that  includes  the 
open  literature  of  research  institutes,  private  publishing  houses,  internal  General 
Dynamics  - Convair  documents  and  unpublished  papers.  A careful  reading  of  the 
above  sources  reveals  that  the  subject  of  production  rate  effects  is  a subtle  one  where 
semantic  ambiguity  often  results  in  conceptual  confusion.  For  instance,  the  otherwise 
excellent  study:  Implications  of  Production  Rate  on  Manufacturing  Costs  (Reference 9) 
fails  to  clearly  distinguish  production  rate  effects  from  learning  effects.  Imprecise 
understanding  of  the  theory  of  learning  curves  results  in  the  erroneous  comingling  of 
learning  effects  and  rate  effects.  It  is  im|x>rtant  to  distinguish  volume  from  rate. 

The  clearest  exposition  of  the  relationship  of  production  rate  effects  to  learning  can  be 
found  in:  Analysis  of  Direct  Labor  Costs  for  Production  Program  Stretchouts  (Refer- 
ence 10).  Learning  effects  arc  properly  ascribed  to  the  benefits  of  producing  large 
quantities  of  an  item  (volume)  and  not  the  relative  benefits  of  producing  them  rapidly 
or  slowly  (rate).  The  combined  effects  of  learning  and  production  can  be  described  by 
a curved  trough  shape  with  the  learning  curve  describing'  the  long  axis  curve,  as 
shown  in  Figure  75. 

As  diown  here,  tlx-  rate  efft  ct.  are  really  a second  order  phenomena.  Production 

i - feet-  >•  air  : re  the  result  of  using  a given  production  facility  in  an  optimum  wax 
r i • •met  ,ing  les-  than  that.  A specific  production  facility  has  a production  rate 
in  i:;  1<  •<  o th  production  rati'  that  it  was  designed  tor)  that  provides  an  optimum 

mi.  i p outpu  (Reference  il).  Deviations  from  this  optimum  (either  by  unde r- 
i i rcapaeityi  results  in  increased  unit  production  costs.  In  essence,  the 

ta:  i-  to  optimizi  the  production  process;  not  maximize  it.  i’he  goal  is  to  provide  an 

optimum,  smooth  flow  of  a product  from  a production  facility.  From  a rate  effects 
point  I view,  tin  re  isn  t necessarily  an  advantage  to  producing  a large  quantity  of  an 
item  :n  a short  period  of  time.  In  general,  the  benefit  of  producing  large  quantities  of 
an  item  in  a ihort  period  of  lime  accrues  from  the  spreading  out  of  overhead  or  burden 
items  over  i large  production  quantity  and  not  the  benefit  of  producing  at  an  optimum 
rate  per  sc.  It  i - important  to  note  that  attempting  to  produce  too  large  a quantity  of 
an  item  in  a -short  jx-riod  of  time  results  in  diminishing  returns.  iTie  benefits  of 
overlu  ad  spreading  an  out  weighted  by  the  diseconomy  of  forcing  inordinatelx  large 
production  quantities  through  i given  production  facility.  Once  again,  the  goal  is  to 
increase  products  t<  ■ level  that  optimizes  the  spreading  of  overhead  and  utilization 
ai  production  facility  rathei  than  maximization  per  sc. 
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A separate  issue,  but  increasingly  important  based  on  recent  experience,  is  the 
problem  of  inflation.  In  an  economy  with  a high  rate  of  inflation  it  becomes  a real 
possibility  that  something  can  be  produced  significantly  cheaper  now  than  in  the  future. 
To  the  extent  that  rate  effect  determines  when  a specific  flight  article  is  built,  infla- 
tion can  be  a significant  variable  in  any  rate  effects  discussion.  The  relationship  of 
rate  effects  to  inflation,  however,  is  beyond  the  scope  and  funding  of  this  current 
effort  and  will  be  excluded  from  further  analysis  and  discussion.  In  that  sense,  the 
effects  of  production  rate  on  production  cost  will  be  dealt  with  as  a separate  and 
distinct  economic  phenomena  independent  of  the  larger  societal  economic  conditions. 

3.5.2  COST  K ST  IMA  TING  KK  L ATI  UNSHIP  (CEIL  MODIFICATION  - In  developing  a 
methodology  that  systematically  and  quantitatively  establishes  the  effect  of  different 
rates  of  production,  basic  definitions  and  levels  of  analysis  must  be  identified  and 
related  to  establish  a relatively  unambiguous  basis  for  analysis  and  methodology 
development.  Clear  definitions  and  understanding  of  the  phenomena  to  lx-  analyzed 
and  quantified  leads  to  reduced  degrees  of  freedom  and  potential  misinterpretation  of 
empirical  data.  Cost  phenomena  are  inherently  imprecise  and  attempts  to  eliminate 
as  much  ambiguity  as  possible  in  the  data  base,  by  systematic  analysis,  proves  to  be 
time  well  spent. 

As  discussed  above,  in  the  section  on  the  literature  review,  production  rate  effects 
arc'  a separate  and  distinctly  different  phenomenon  from  learning  effects.  Both  effects 
can  result  in  reduced  or  increased  unit  production  costs  but  their  causal  basis  is  quite 
different.  Production  rate  effects  affect  cost  by  consideration  of  how  rapidly  an  item 
is  produced.  Learning  effects,  on  the  other  hand,  affect  cost  by  consideration  of  how’ 
muchof  an  item  is  produced.  Production  rate  effects  are  concerned  with  the  optimum 
flow  and  utilization  of  inputs  required  to  produce  a given  piece  of  hardware.  Learning 
effects  are  concerned  with  the  act  of  knowing  howto  do  something  better  (and  hence 
less  expensively)  because  you  have  done  it  before.  The  combined  effects  of  both  of  the 
above  phenomenon  can  be  erroneously  lumped  together  but  doing  so  obscures  and  com- 
plicates two  simpler  processes. 

To  clearly  define  the  production  rate  effect  in  isolation  from  learning  effects  the  fol- 
lowing flow  chart  (Figure  76)  identifies  the  relevant  variables  and  their  relationship  to 
one  another.  The  production  process  can  be  thought  of  as  requiring  the  inputs  of  peo- 
ple, materials,  money,  machines  and  plant  over  a given  time  period  to  produce,  in 
this  case,  aircraft  airframes  at  some  monthly  rate.  Attempting  to  produce  aircraft 
airframes  at  different  monthly  rates  requires  varying  commitments  of  people, 
materials,  money,  machines  and  plant.  The  five  items  on  the  left  in  Figure  76  can  be 
considered  cost  segments  or  drivers  in  any  determination  of  the  cost  impacts  of  vary- 
ing production  rates.  Some  of  the  cost  segments  are  sensitive  to  changes  in  the 
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production  rate  and  some  are  not.  It  is  the  composite  of  these  individual  cost  seg- 
ments that  determines  the  effect  of  production  rate  on  unit  production  cost.  Figure  77 
identifies  the  production  l'ate  sensitivity  of  each  of  the  cost  elements  showing  that  a 
given  production  rate  has  a unique  production  cost  sensitivity  dependent  on  the  specific 
mix  of  the  component  cost  segments  and  their  individual  sensitivity  to  changes  in 
production  rate. 


PEOPLE 
MATERIALS 
MONE  Y 
MACHINES 
PLANT 


PRODUCTION 

PROCESS 


AEROSPACE  VEHICLES 
(NUMBER/MONTH) 


Figure  76.  Production  Process 

Attempts  were  made  to  isolate  and  identify  production  rate  cost  sensitivities  at  the 
cost  segment  level  with  the  intent  of  determining  a composite  production  rate  sensi- 
tivity curve  that  was  a summation  of  the  lower  level  curves.  This  approach  appears 
to  be  feasible  and  would  provide  an  excellent  theoretical  basis  for  the  production  rate 
effects  phenomenon  with  visibility  into  lower  level  relationships.  Unfortunately,  the 
level  of  funding  of  this  current  study  precludes  further  exploration  of  this  approach 
due  to  the  need  to  generate  a basically  new  structuring  of  historical  cost  data.  The 
less  desirable,  though  acceptable,  approach  of  examining  empirical  data  at  an  aggre- 
gate unit  production  cost  level  was  chosen  as  a viable  alternative.  This  approach 
necessarily  results  in  less  understanding  of  the  phenomenon  in  question;  but  in  light 
of  the  time  and  funding  constraints  it  will  be  used. 

Production  Not  Production 

Cost  Segment  Rate  Sensitive  Rate  Sensitive*** 

A People  Cost 
B Materials  Cost 
C Money  Cost 
D Machinery  Cost 
E Facility  Cost 

* Principally  Variable  Cost 
♦♦Principally  Fixed  Cost 
***ln  the  Short  Term 


V* 
%/  * 


Figure  77.  Production  Rate  Sensitivities 
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To  adequately  examine  and  analyze  empirical  data  on  production  rate  effects  it  is 
important  to  have  some  theoretical  understanding  of  the  major  parameters  and  con- 
siderations. An  excellent  treatment  of  the  basic  concepts  can  be  found  in  Reference  7, 
Chapter  10.  This  basic  treatment  is  concerned  with  long  term  and  short  term  optimi- 
zation of  a production  facility;  but  the  basic  concept  of  bucket  shaped  curves  that  are 
sensitive  to  production  rate  have  direct  application  in  interpreting  empirical  data.  An 
appreciation  of  the  theoretical  foundations  of  an  empirically  observed  phenomenon 
results  in  sounder  interpretation  of  data  and  more  meaningful  mathematical  constructs. 

Figure  78  is  a graphical  presentation  of  historical  empirical  constructs  and  experience 
with  variations  in  production  rate.  In  general  terms,  they  represent  differing  opin- 
ions and  experience  with  reduced  production  rates.  The  most  recent  transport  air- 
craft experience  is  represented  by  Curve  C.  Curve  B represents  an  empirical  curve 
derived  by  Vail  (Reference  12).  Support  for  the  almost  straight  line  relationship  of 
Curve  C,  which  represents  recent  production  line  experience  can  be  found  in  the  pref- 
ace to  Reference  (I3)jn  this  reference  Kelley  makes  the,  apparently  commonly  experi- 
enced, observation  that  straight  line  relationships  rather  than  more  complex  mathe- 
matical relationships  are  good  estimators  of  relatively  complex  social  science 
phenomenon.  The  combined  virtues  of  most  recent  experience,  real  world  production 
experience,  mathematical  simplicity  and  apparent  theoretical/empirical  support  a la 
Kelley  leads  to  the  selection  of  a straight  line  relationship  for  incorpo ration  into  the 
existing  cost  methodology  developed  under  Contract  F33615-72-C-2083.  The  relation- 
ship to  be  used  is  as  follows: 


Unit  Production  Cost  Ratio  = 


Unit  Production  Cost  (Actual  Rate) 
Unit  Production  Cost  (Ideal  Rate) 


= 1. 16  - . 16  R 


whe  re 

Actual  Rate 
Ideal  Rate 

within  . 5 < R >1.4 

Excursions  beyond  the  specified  range  should  not  be;  made  since  dramatic  variations 
are  theoretically  possible  due  to  high  slope  production  facility  constraints  that  can 
become  operative  (Reference  7). 

The  above  relationship  allows  a quantitative  assessment  of  the  cost  impact  of  oper- 
ating a production  facility  at  a rate  other  than  that  for  which  the  original  production 
line  was  designed.  With  a completely  new  product  and/or  production  facility  there 
would  not  be  a rate  effect  since  the  production  line  could  be  optimized  for  the  prevail- 
ing set  of  conditions.  When  exercising  the  model,  the  specific  set  of  conditions  for 
actual  rate  and  ideal  rate  in  the  determination  of  R should  be  used.  In  the  absence  of 
specific  data  for  a particular  model  run,  the  value  of  R should  be  set  to  1.0. 
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Figure  78.  Kate  Effects  Curves 


3.G  LEARNING  CURVE  FACTORS 


Learning  curve  factors  are  those  values  associated  with  the  amount  of  learning 
achieved  in  the  production  of  a given  piece  of  hardware.  The  following  sections 
develop  a subsystem  level  framework  and  set  of  learning  factors  for  the  determination 
of  overall  learning  for  a specific  piece  of  structure. 

3.G . 1 LEARNING  CURVES.  A specific  piece  of  aircraft  structure  represents  a 
unique  mix  of  machined  parts,  sheet  metal  parts,  composite  structure,  and  assembly. 
This  unique  mix  of  structural  elements  and  tasks  establishes  a specific  learning  that 
is  associated  with  that  piece  of  aircraft  structure.  To  model  production  learning  and 
adequately  reflect  the  specifics  of  a given  piece  of  aircraft  structure,  it  is  necessary 
to  develop  learning  curves  at  a lower  level  than  the  aggregate  piece  of  structure.  By 
identification  of  the  percentage  distribution  of  various  types  of  structural  elements 
within  a given  piece  of  structure,  a weighted  learning  factor  that  reflects  that  specific 
structure  can  be  obtained.  Based  on  discussions  with  production  estimating  people, 
review  of  manufacturing  engineering  literature  and  personal  knowledge  of  production 
and  manufacturing  processes;  four  different  elements  of  production  activity  were  de- 
veloped. The  detail  fabrication  portion  of  production  is  segmented  into  sheet  metal 
fabrication,  composite  structure  production,  machine  shop  activity  and  numerically 
controlled  production  processes.  Subassembly,  which  combines  and  joins  parts 
produced  in  detail  fabrication,  is  segmented  into  categories  that  parallel  these  of  de- 
tail fabrication  with  the  exception  of  numerically  controlled  machining  where  sub- 
assembly  is  not  applicable.  The  learning  rates  for  detail  fabrication  of  high,  medium 
and  low  learning  structure  composed  exclusively  of  sheet  metal,  composites,  machin- 
ed parts,  and  numerical  control  machined  parts,  are  shown  in  tabular  form  in  Table 
-IS,  The  learning  rates  for  subassembly  of  high,  medium  and  low  learning  structure 
composed  exclusively  of  sheet  metal,  composites,  machined  parts  and  excluding 
numerical  control  machined  parts  are  shown  in  tabular  form  in  Table  49. 

The  learning  curve  values  shown  in  these  tables  are  the  result  of  the  review  and  com- 
parative analysis  of  historical  production  learning  experience.  Samples  of  some  of  the 
learning  curve  data  used  appears  in  Figures  79  through  82,  The  program  experience 
shown  in  Figure  79  shows  that  sheet  metal  detail  fabrication  has  approximately  80 
learning  with  machine  shop  detail  fabrication  learning  being  about  5%  less  at  approxi- 
mately 85'/?.  These  values  are  reflected  in  Table  48  as  medium  sheet  metal  and  medium 
machine  shop  learning.  Figure  80  for  the  C5A  empennage  shows  learning  associated 
with  a sheet  metal  assembly  task.  This  learning  of  about  75'  is  roughly  5'  greater 
learning  than  the  sheet  metal  detail  fabrication  learning  of  above.  This  plus  5'  differ- 
ential of  subassembly  to  detail  fabrication  has  been  maintained  in  developing  the  learn- 
ing curve  values  of  Table  49.  Learning  associated  with  detail  fabrication  of  numeric- 
al! v controlled  ' in  planks  is  shown  in  Figure  81,  From  this  figure  it  can  be  seen  that 
this  learning  is  vt  > y similar  to  nutlium  machine  shop  learning  for  detail  fabrication. 
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I igure  79.  Sheet  Metal  and  Machine  Shop  Learning. 


C5A  EMPENNAGE 


UNITS 

Figure  80.  Assembly  learning. 


f igure  81.  Numerical  Control  learning. 


Additional  data  on  numerically  controlled  machining  processes  (Figure  82)  indicates 
that  very  low  learning  (high  percentage  values)  is  occasionally  experienced  with  numer 
ically  controlled  manufacturing  processes  and  selection  of  a numerically  controlled 
machining  process  learning  factor  should  reflect  a consideration  of  this  possibility. 


Table  48 

Detail  Fabrication  Learning 


Sheet 

Metal 

Composites 

Shop 

Machine 

Shop 

Numerical 

Control 

High 

.75 

TBD 

.80 

.80 

Medium 

.80* 

TBD 

.85 

. 85 

Low 

. 85 

TBD 

.90 

.90 

*T.  P.  Wright,  Factors  Affecting  the  Cost  of  Airplanes.  Journal  of 
Aeronautical  Sciences  February  1936. 

Note;  T.  P.  Wright  believed  in  a straight  line  cumulative  average  cost;  whereas 
J.  R.  Crawford,  at  a later  date, developed  a straight  line  unit  cost  curve. 
The  straight  line  unit  cost  curve  is  now  widely  accepted  and  is  the  equation 
formulation  used  in  this  current  research. 


Table  49 

Subassembly  Learning 


Sheet 

Metal 

Composites 

Shop 

Machine 

Shop 

Numerical 

Control 

High 

.70 

TBD 

.75 

N.  A. 

Medium 

.75 

TBD 

.80 

N.A. 

Low 

.80 

TBD 

.85 

N.A. 

The  above  Tables  (48  and  49)  are  used  to  establish  the  specific  learning  associated 
with  a specific  piece  of  structure.  Based  on  the  specific  type  of  structural  elements 
used  in  given  construction  type,  a learning  curve  value  is  determined.  All  of  the  con- 
struction types,  except  the  built-up  truss,  are  confined  to  one  of  four  basic  manu- 
facturing activities:  sheet  metal,  composites  shop,  machine  shop  and  numerical  con- 
trol. The  built-up  truss  requires  a combination  of  manufacturing  categories.  The 
selection,  development  and  tabulation  of  specific  learning  rates  for  model  usage 
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Figure  82.  Limited  Learning  Numerical  Control. 


appears  in  Section  3.  6.  5 


3.  6.  2 CONSTRUCTION  TYPE  ANALYSIS.  The  fundamental  learning  relationships 
developed  in  Section  3.6. 1,  above,  provide  the  basic  building  blocks  for  development 
of  airframe  production  learning  on  types  of  structure  that  represent  a mixture  of 
activities  that  are  performed  in  the  various  shop  areas.  Ribs,  spars,  frames  and 
longerons  are  produced,  for  purposes  of  the  model,  using  six  basic  construction  types; 
built-up  web  stiffener,  built-up  truss,  sheet  web,  corrugated  web,  integral  web  stiff- 
ener and  integral  truss.  Covers  and  skins  are  produced,  for  purposes  of  the  model, 
using  four  basic  construction  types;  built-up  skin  stringer,  integral  skin  stringer, 
machined  plate  and  sheet.  Each  of  these  construction  types  requires  a specific  type 
of  shop  activity  or  a mixture  of  different  types  of  shop  activity. 

That  a particular  type  of  construction  possibly  requires  combinations  of  specific  types 
of  shop  activity  is  obvious  from  an  examination  of  an  aircraft  production  facility.  A 
systematic,  quantitative  method  of  dealing  with  these  combinations  is,  however,  not 
obvious.  The  first  question  that  must  be  answered  is  what  is  the  purpose  of  the  model. 
This  necessarily  involves  the  level  of  detail  at  which  the  model  should  be  built.  If  a 
model  is  to  be  used  for  production  line  decision  making,  it  must  be  very  detailed  and 
closely  model  the  specific  set  of  program  requirements  and  particular  unique  pro- 
duction environment.  If,  however,  a model  is  to  be  used  for  long  range  planning,  it 
should  be  simple  and  reflect  the  major  or  "Pareto  variables"  that  account  for  the 
most  significant  cost  impacts.  The  model,  for  which  the  learning  factors  developed 
here  will  be  used,  is  to  be  used  for  intermediate  level  decisions  and  as  such  repre  - 
sents  a compromise  between  each  of  the  above  extremes  of  great  detail  and  sparse 
detail.  This  intermediate  level  of  detail  still  provides  a wide  range  of  modeling 
options.  These  options  must  be  sorted  and  examined  in  light  of  theoretical  consider- 
ations (such  as  cause  and  effect  relationships  between  driving  parameters  and  cost) 
and  practical  considerations  (such  as  availability  of  data). 

Initially,  it  was  intended  to  identify  learning  factors  at  a level  where  a specific  con- 
struction type  and  material  type  could  be  isolated.  From  a practical  point  of  view," 
differentiation  of  learning  by  material  type  was  unwise.  Currently  available  learning 
data  either  doesn't  differentiate  learning  by  material  type  or  indicates  that  different 
types  of  material  exhibit  essentially  the  same  learning  in  a given  application  (Refer- 
ence 14).  For  instance,  a rib  made  of  aluminum  would  require  less  time,  on  the 
average,  to  make  than  a rib  made  of  titanium.  The  learning,  however,  would  prob- 
ably be  the  same  on  the  two  ribs  since  learning  associated  with  producing  large  quan- 
tities of  the  same  item  would  be  the  same.  It  is,  of  course,  possible  to  produce  a 
given  structural  item  out  of  an  inappropriate  material  and  thereby  provide  a situation 
where  significant  differential  learning  can  be  achieved.  Similar  learning  on  two  iden- 
tical ribs  made  with  different  materials  depends  on  appropriate  material  choice  for 
that  particular  application  at  the  outset.  Material  choice  for  a particular  application, 
from  the  standpoint  of  learning,  must  be  made  on  the  basis  of  a detailed  producibility 
analysis  to  ensure  that  a particular  structural  configuration  can  be  efficiently  made, 
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in  large  production  quantities,  from  a given  material.  In  that  sense,  the  decision  of 
what  material  to  use  for  a particular  piece  of  structure,  from  the  standpoint  of  learn- 
ing, must  be  made  at  a lower  level  than  the  current  computer  modeling  program  is 
designed.  The  magnitude  of  variables  and  the  need  for  unique  inputs  of  "engineering 
judgment”  preclude  a mechanical,  computerized  decision  on  material  choice  for  a 
given  piece  of  structure  and  its  attendant  learning.  What  is  provided  with  this  com- 
puter model  is  a quantitative  feel  for  the  relative  magnitude  of  cost  associated  with 
different  material  selections.  What  must  be  borne  in  mind  is  the  interactive  relation- 
ship between  a cost  model  of  a given  piece  of  structure  and  its  actual  design  and  pro- 
duction. The  cost  model  provides  valuable  insights  and  a systematic  framework  for 
evaluating  design  alternatives;  but,  it  can  never  be  a substitute  for  human  judgment. 

In  a sense,  the  cost  model  can  "guide  but  not  decide.  " In  the  light  of  the  above,  it 
has  been  determined  that  construction  type  is  more  manageable  and  important  in  de- 
termining the  learning  rate  on  a particular  piece  of  structure  than  is  material  type. 
The  type  of  construction  is  a prime  determinant  of  the  area  of  a shop  that  a particular 
piece  of  structure  is  produced.  If  it  is  produced  primarily  in  the  sheet  metal  area, 
the  potantial  for  significant  learning  exists  since  a great  deal  of  people  activity  is 
involved  in  sheet  metal  operation.  If  a particular  piece  of  structure  is  produced  pri- 
marily in  the  machine  shop  area,  less  potential  learning  exists  since  activity  is  more 
constrained  and  controlled  by  machine  operations.  Asa  general  observation,  the 
greater  the  percentage  of  people  activity  as  opposed  to  machine  activity,  the  greater 
the  potential  for  learning  improvements.  People  learn  how  to  produce  things  better 
and  more  efficiently  whereas  machines  can  to  a very  limited  degree.  The  ratio  of 
people  t,o  machine  activity  is  closely  linked  to  the  type  of  construction.  A built-up 
web  stiffened  rib,  for  instance,  is  mostly  sheet  metal.  This  involves  a high  percent- 
age of  people  activity  with  corresponding  high  rates  of  learning.  An  integral  web 
stiffener,  on  the  other  hand,  is  basically  a solid  piece  of  metal  that  has  been  hogged 
out  by  machine.  This  involves  a low  percentage  of  people  activity  with  corresponding 
low  rates  of  learning.  The  degree  of  learning  that  is  experienced  in  a particular  ap- 
plication is  apparently  intimately  tied  to  the  question  of  what  percentage  of  the  total 
work  is  performed  by  people.  This  question  can  be  almost  entirely  answered  by  con- 
sidering the  type  of  construction  to  be  used  for  a specific  piece  of  structure.  The 
other  main  consideration  of  material  type  appears  to  have  a lesser  impact  on  learning 
since  the  decision  to  produce  by  a labor  intensive  or  capital  intensive  mode  is  rela- 
tively independent  of  the  material.  Most  materials  can  be  formed  and  worked  using 
a var'ety  of  techniques  and  procedures  that  have  varying  degrees  of  human  activity. 
The  aspect  of  cost  that  is  directly  affected  by  material  choice  is  the  absolute  level  of 
cost.  A titanium  part  for  instance,  with  all  other  things  being  equal,  is  more  expen- 
sive to  produce  than  an  aluminum  one  because  titanium  is  harder  and  more  difficult 
to  work.  Since  the  absolute  level  of  cost  is  taken  care  of  by  the  first  unit  cost  part  of 
the  cost  model,  the  learning  portion  of  the  cost  model  need  only  concern  itself  with 
the  type  of  construction  being  used  and  not  the  material  per  se. 
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3.6.3  SECONDARY  STRUCTURE  LEARNING  FACTORS.  Secondary  structure  has 
been  analyzed  and  grouped  into  the  three  categories  of  high,  medium  and  low  learning. 
The  high  learning  category  is  composed  of  secondary  structure  that  required  a signif- 
icant amount  ox  detail  fabrication  and  assembly  labor.  The  medium  category  of  learn- 
ing is  composed  of  structural  items  that  are  a combination  of  purchased  and  fabricated 
parts  thereby  providing  less  opportunity  for  in-house  economies  of  production  quan- 
tity. The  low  learning  category  is  composed  primarily  of  purchased  fabricated  parts 
and  is  relatively  insensitive  to  production  quantity.  Table  50  is  a summary  of  the 
learning  categories  and  the  specific  elements  of  secondary  structure  associated  with 
them.  The  specific  values  of  learning  for  detail  fabrication  and  subassembly  were 
developed  based  on  the  elemental  learning  values  developed  for  primary  structure  in 
Section  3.  6. 1.  Three  separate  estimates  were  made  using  three  different  assump- 
tions. The  first  assumption  was  that  nominal  values  for  learning  as  represented  by 
machine  shop  conditions,  could  be  representative  of  secondary  structure.  The  second 
assumption  was  that  higher  learning,  as  represented  by  sheet  metal  shop  conditions, 
is  more  representative  of  secondary  structure.  The  third  assumption  was  that  each 
specific  category  should  be  evaluated  separately  to  see  if  a representative  pattern 
emerges.  For  the  case  of  detail  fabrication,  the  first  assumption  of  machine  shop 
type  learning  was  in  close  agreement  with  the  tailored  estimate  of  what  specific  learn- 
ing rates  for  high,  medium  and  low  learning  would  be  appropriate.  This  can  be  seen 
from  an  examination  of  Table  51  which  provides  a side-by-side  comparison  of  the  re- 
sultant learning  rates  under  the  three  different  sets  of  assumptions.  This  correlation 
and  the  fact  that  variability  in  the  data  base  and  specific  applications  doesn't  warrant 
more  precise  formulations  led  to  the  following  values  for  detail  fabrication  secondary 
structure: 


Detail  Fabrication 

High 

. 80 

Secondary 

Structure 

Medium 

.85 

Learning 

Low 

.90 

For  the  case  of  subassembly,  the  first  assumption  of  a machine  shop  analog  and  the 
tailored  approach  were  comparable.  The  only  difference  being  that  in  the  case  of 
relatively  low  learning  the  tailored  approach  yielded  a five  percent  higher  value  of 
.90.  Based  on  this  assessment,  the  following  values  for  subassembly  of  secondary 
structure  have  been  determined  to  be  appropriate: 


Subassembly 

High 

.75 

Secondary 

Structure 

Medium 

.80 

Learning 

Low 

.90 
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Elements  of  secondary  structure  as  categorized  in  Table  50  can  now  be  identified  with 
a specific  learning  dependent  on  whether  the  manufacturing  task  is  detail  fabrication 
or  subassembly. 


Table  50.  Secondary  Structure  Groupings  by  Learning. 


> 

Pivots  & Folds 

i High  Lift  Ducting 

Speed  Brakes 

Slats 

High 

J Leading  Edge 

Fairings 

Fuel  Provisions 

} 

Trailing  Edge 

Wing  Box 

Flaps 

Cockpit 

Main  LG  Door 

Pivots 

Cowling 

Tips 

Rudder 

Nose  LG  Door 

Tail  Attachment 

Center  Section 

Pylon 

Attach  Structure 

Air  Induction 

\ 

Ailerons 

Spoilers 

Elevators 

Medium 

Brakes 

Drag  Braces 

Other 

) 

Low 

) 

' Brake  Controls 

Wind  Shield 
Oleos 
Axles 
Hinges 
Access 

k Wheels 

* Tires 

Balance  Weights 
Windows 

Engine  Provisions 
Access  Doors 
Duct  Provisions 
Stores  Provisions 
Cabin  Flooring 
Doors 
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Table  51.  Secondary  Structure  Detail  Fabrication 


Assumption 

Assumption 

Assumption 

Selected 

1 

2 

3 

Values 

Machine  Shop 

Sheet  Metal 

Tailored 

High 

. 80 

.75 

. 80 

. 80 

Medium 

. 85 

.80 

. 85 

. 85 

Low 

.90 

.85 

.90 

.90 

3.6.4  MATERIAL  LEARNING  FACTOR  DEVELOPMENT.  Material  refers  to  all 
material  that  must  be  purchased  by  an  airframe  producer  to  construct  an  airframe. 

It  includes  raw  material,  forgings,  purchased  parts,  subcontracted  parts,  and  stand- 
ard parts.  Production  learning  takes  place  on  all  of  the  above  mentioned  items  but  in 
the  case  of  standard  parts,  production  is  sufficiently  out  on  the  learning  curve  to  ef- 
fectively have  a flat  curve  without  further  price  benefits  from  larger  production 
quantities.  A similar,  but  less  certain,  situation  exists  for  raw  material  purchases. 
Common  raw  materials  such  as  aluminum  and  steel,  are  produced  by  stable  mature 
processes  that  are  relatively  unaffected  by  anything  less  than  huge  purchase  quantities. 
Quantity  purchase  discounts  are  available  but  these  reflect  marketing  considerations 
rather  than  production  learning  per  se.  The  exception  would  be  new,  high  technology 
materials,  such  as  composites,  that  represent  new  processes  where  the  potential  for 
learning  is  high.  Due  to  the  limited  experience  with  large  production  quantities  of 
composite  materials  definitive  learning  curve  values  for  composite  material  procure- 
ment must  await  further  experience  and  subsequent  research. 

For  forgings,  purchased  parts,  and  subcontracted  parts  varying  degrees  of  production 
learning  take  place.  For  forgings,  the  uniqueness  and  complexity  of  the  forged  parts 
affect  the  rate  of  learning.  For  purposes  of  modeling  a nominal  value  of  . 90  can  be 
used.  Ihirchased  parts  represent  items  that  can  essentially  be  bought  off  the  shelf 
without  extensive  design  or  rework.  Complexity  of  parts  and  relatively  high  sensitivity 
of  purchased  parts  manufacturers  to  sales  volume  allows  a nominal  value  of  .90  for 
modeling  purposes.  Subcontracted  parts  represent  those  pieces  of  airframe  that  have 
to  be  designed  and  built  from  scratch  but  for  reasons  of  cost  or  production  capability 
are  built  by  someone  other  than  the  airframe  contractor.  Virtually  the  full  benefits 
of  production  learning  are  realized  and  for  purposes  of  modeling*  a nominal  value  of 
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. 85  is  used.  A summary  of  the  above  learning  associated  with  the  various  material 
elements  appears  as  Table  52.  For  convenience  and  a guide  to  the  correct  selection 
of  material  elements  for  a specific  airframe  configuration,  a learning  rate  lookup 
table  that  parallels  those  for  detail  fabrication  and  subassembly  has  been  prepared 
and  appears  as  Table  53. 


Table  52.  Material  Learning 


Material  Elements 

Le  aiming 

Rate 

A ) Raw  Material 

No 

.95* 

B)  Forgings 

Yes 

.90 

C)  I>urchased  Parts 

Yes 

.90 

D)  Subcontracted  Parts 

Yes 

.85 

E)  Standard  Parts  ** 

No 

1.00 

♦Quantity  purchase  benefits  (Rate  represents  equivalent  for  common  materials 
such  as  aluminum  and  steel. ) 

**  I>urchased  in  bulk  and  used  as  required. 

Note:  Above  learning  rates  represent  nominal  values  associated  with  specified 
element  of  material  learning.  Letter  designations  of  Table  66  and  above 
identify  most  probable  material  element  associated  with  a given  piece  of 
structure. 


3.6.5  LEARNING  FACTOR  MATRIX  DEVELOPMENT.  Learning  factor  matrices 
were  developed  for  detail  fabrication  and  subassembly  that  are  built  on  the  fundamental 
realtionships  developed  in  Section  3.  6. 1.  The  matrices  identify  the  specific  learning 
factor  that  should  be  used  as  an  input  to  the  model  for  each  primary  and  secondary 
structural  element  defined  by  the  model.  The  first  step  in  the  development  of  the 
specific  values  within  the  matrices  was  to  estimate  at  the  rib,  spar  and  cover  level 
the  percentage  distribution  of  the  various  shop  activities  required  to  produce  built-up 
web  stiffener,  built-up  truss,  sheet  web,  integral  web  stiffener,  integr  al  skin  stringer, 
machined  plate,  etc.,  types  of  structure.  The  construction  types  identified  in  Appen- 
dix E of  Reference(15)  were  evaluated  to  determine  the  types  of  shop  activity  associated 
with  each  one.  The  percentage  distribution  of  the  various  types  of  shop  activity  were  then 
used  as  weighting  factors  to  develop  a composite  learning  built  on  the  fundamental 
learning  relationships  developed  In  Section  3.6. 1. 
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Table  53.  Learning  Factors  for  Material  for  Primary  and  Secondary  Structure 


Evaluation  of  the  various  types  of  construction  revealed  that  only  the  built-up  truss 
type  of  construction  had  significant  cross  category  fabrication  activity  requiring  a 
composite  le aiming  rate. 

Engineering  judgment  was  used  to  determine  high,  medium  and  low  classification 
within  a given  shop  activity.  The  weighting  calculations  and  resultant  learning  rates 
for  a given  type  of  construction  have  been  tabulated  in  Tables  54  and  55.  The  higher 
learning  rates  associated  with  subassembly  are  due  to  the  less  structured  nature  of 
the  subassembly  task  and  attendant  opportunity  for  improvement  over  time  and  quantity 
produced.  The  above  tables  provide  all  the  learning  rai.<  s associated  with  the  primary 
structure  of  ribs,  spars,  frames,  bulkheads,  longerons,  covers  and  skins. 

The  secondary  structure  composed  of  the  items  identified  in  Section  3.6.3  have  been 
summarized  to  provide  a simple  look  up  table  for  all  structure.  These  look  up  tables 
appear  as  Tables  56  and  57,  providing  learning  factors  for  detail  fabrication  and  sub- 
assembly,  respectively. 
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•See  Table  62 


SECTION  IV 


COMPUTER  PROGRAM  CHANGES 

The  methodology  changes  discussed  in  the  above  sections  resulted  in  changes  to  the 
estimating  relationships  and  to  the  various  input  tables.  In  the  first  case,  correspond- 
ing computer  program  changes  are  required.  Assembly  CER  modifications,  common- 
ality effects,  and  production  rate  effects  produced  such  changes.  Changes  to  the  input 
tables  do  not  require  computer  program  changes. 

It  is  envisioned  that  the  existing  program  will  be  retained  in  its  present  form,  then  as 
an  additional  operational  mode,  an  alternative  set  of  model  cards  will  be  produced  to 
provide  an  expanded  analysis  capability.  Computer  program  changes  are  being  effected 
by  AFFDL  personnel. 

4.1  ASSEMBLY  CER s 

Equation  (7)  Hole  Drilling  - Aero  Surfaces  or  Fuselage  becomes: 

11.  = 2 |(RP)R  (RN)Q  + (SPE)R  (SNE  + SNI)Q  ] (HD)  (TJ4) 

1 I Ai  ' 

The  following  F-cards  changes  are  necessary: 

F l(i  4 (15.1)  * HD  * TJ4  * (44)  * 2 

\ AP  / 

F 17  4 (15.4)  * HD  * TJ4  * (44)  * 2 

\ AP/ 

F 18  4 (15.7)  * HD  * TJ4  * (^)  * 2 
Equation  (9)  Fastener  Installation  - Aero  Surfaces  or  Fuselage  becomes: 

H.  = 2 |(RP)R  (RN)Q  + (SNE  + SN1)Q|  (HFI)  (TJ4)  (FF2)  (-^) 

OR 

H - 2 |(RP)K  <RN)Q  + (SNE  + SNI)Q](HFI)  (TJ4)  (FF2)  (^) 
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To  accomplish  the  above,  duplicate  F-cards  are  to  be  used  alternatively  depending  on 
whether  automatic  riveting  or  interference  fit  fasteners  are  being  used.  This  gives 
rise  to  the  following  additional  F-cards: 

F 16  6 (15,1)  * HFI  * TJ4  * FF2  * (|^)  * 2 

F 16  6 (15,1)  * HIF  * TJ4  * FF2  * (^)  * 2 

F 17  6 Two  additional  cards,  same  as  F 10  6,  except  (15,5)  replaces  (15,  1) 

F 18  6 Two  additional  cards,  same  as  I'  10  G,  except  (15,7)  replaces  (15,1). 

4.2  COMMONALITY  EFFECTS 

Evaluation  of  commonality  effects  requires  the  substitution  of  an  F-card  calculation 
for  the  Z-card  calculations  of  the  existing  program.  This  switch  is  necessary  because 
there  are  no  suitable  Z-card  terms  to  match  the  forms  of  the  commonality  equations, 
i.e. , those  described  in  Section  3.4. 1.  Use  of  the  F-card  format  requires  that  the 
production  cost  run-out  be  accomplished  using  a log-linear  cumulative  average  defini- 
tion of  the  log-linear  estimating  curve.  Since  the  model  itself  is  based  on  a log-lin- 
ear unit  cost  concept,  ari  additional  term  is  introduced  on  the  F-card  to  provide  for 
conversion  from  log-linear  cumulative  average  to  log-linear  unit.  This  term  is  sim- 
ply the  ratio  of  the  cum  average  to  unit  curve  as  obtained  from  Reference  1G. 


The  substitution  for  commonality  begins  with  Wing  RDT&E  Costs,  SAV  matrix  line  65. 
This  becomes  F 65  1 (Equation  A)  where  Equation  A is  now  defined  as, 

F 65  1 ((1-Pc)  * Rd  * (SS)  **  b + (Pc  * Rd/NCR  * (SS  * NCR)  **  b)) 

* CR 

where  the  terms  are  as  defined  for  Equation  A in  Section  3.4. 1,  except  that  the  term 
CR  is  the  log-linear  cumulative  average  to  log-linear  unit  ratio. 


196 


d 


In  a similar  fashion: 
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F 

71 

2 

(Equation  K) 

* 

CR 

F 

72 

1 

(Equation  K) 

* 

CR 

F 

72 

2 

(Equation  K) 

♦ 

CR 

F 

73 

1 

(Equation  K) 

F 

73 

2 

(Equation  K) 

F 

74 

1 

(Equation  K) 

F 

74 

2 

(Equation  K) 

F 

75 

1 

(Equation  K) 

F 

75 

2 

(Equation  K) 

F 

76 

1 

(Equation  K) 

F 

76 

2 

(Equation  K) 

F 

77 

1 

(Equation  K) 

♦ 

CR 

F 77  2 (Equation  K)  * CR 
F 78  1 (Equation  K) 

F 78  2 (Equation  K) 

F 79  1 (Equation  K) 

F 79  2 (Equation  K) 

F 80  1 (Equation  K) 

F 80  2 (Equation  K) 

F 81  1 (Equation  K) 

F 81  2 (Equation  K) 

F 82  1 (Equation  K) 

F 82  2 (Equation  K) 

F 83  1 (Equation  K) 

F 83  2 (Equation  K) 

F 84  1 (Equation  K) 

F 84  2 (Equation  K) 

F 85  1 (Equation  K) 

F 85  2 (Equation  K) 

F 86  1 (Equation  K)  i 

F 86  2 (Equation  K)  * CR 


Starting  with  line  126  through  Z 142  for  the  Horizontal  Stabilizer,  RDT&E  Costs,  a 
series  of  F-card  substitutions  are  made  similar  to  that  for  the  Wing. 


For  the  Vertical  Stabilizer,  F-cards  are  formulated  in  a similar  manner  for  substitu- 
tion for  Z-cards  Z 175  through  Z 189. 

For  the  Fuselage,  F-cards  are  formulated  as  follows: 


F 235  1 (Equation  D)  * 

F 235  2 (Equation  I) 

F 236  1 (Equation  E) 

F 236  2 (Equation  J) 

F 237  1 (Equation  F) 

F 237  2 (Equation  H) 

F 241  1 (Equation  K) 

F 241  2 (Equation  K) 

F 242  1 (Equation  K)  * 


CR 


and  so  forth  through  Z 254  2. 


For  nacelles,  only  Equation  K is  used.  F-cards  are  required  for  Z-cards  Z 285  1 
through  Z 287  2.  This  is  also  true  for  Landing  Gear  for  Z-cards  Z 318  1 through 
Z 324  2.  The  term  ♦ CR  is,  of  course,  applied. 
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The  above  covers  RDT&E  production  costs.  For  Recurring  Production  Costs,  substi- 
tutions begin  with  Z 335  1.  However,  since  the  Recurring  Production  quantity  is  in 
addition  to  the  RDT&E  production  quantity,  further  development  of  the  series  of  equa- 
tions is  required.  This  gives  rise  to  an  additional  series  of  equations,  which  are 
designated  as  Equation  A',  etc. 

Equation  A'  (and  all  other  equations  in  the  prime  series)  are  derived  by  expansion  of 
the  original  equations  to  encompass  the  recurring  production  increment.  Each  of  the 
equations  are  of  the  same  form.  Equation  A'  is  used  for  purposes  of  illustration. 

Equation  A'  was  as  follows: 


Ribs  Cost  = (1  - Pc)  (Rd)  (SS) 


b 


Pc  (RD) 
NCR 


,b 


SS  (NCR)  , 


with  the  terms  as  defined  in  Item  1 above.  For  the  new  series,  SS  takes  on  the  addi- 
tional definition:  RDT&E  production  quantity.  This  equation  can  be  arranged  in  the 
following  form. 


Ribs  cost  = SS 


(1  - Pc)  Rd  + 


Pc  <RD) 


(NCR) 


. 1-b 


for  RDT&E  production. 

The  quantity  of  Recurring  Production  is  the  difference  between  the  total  quantity  and  the 
the  RDT&E  quantity,  or 


For  Recurring  Production  then,  we  have  as  Equation  A', 


Ribs  cost 


b b 

Pc  (R  ) ‘ 

SS^  - SS 
T 

<x  - pc>  RD  + 1-b 

L (NCR) 
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or  in  a further  simplified  form: 


Ribs  cost  = 


SS„  - SS 


R. 


1 - Pc  + Pc  (NCR) 


b-1 


S&p  refers  to  the  total  quantity  produced,  including  both  RDT&E  and  Production. 
The  required  programming  changes  for  Production  are  as  follows: 

Wing 


F 335  1 (Equation  A')  * CR 

F 335  2 (Equation  F') 

F 336  1 (Equation  B') 

F 336  2 (Equation  G') 

F 337  1 (Equation  C') 

F 337  2 (Equation  H') 

F 341  1 (Equation  K')  ,, 

F 342  2 (Equation  K')  * CR 

And  so  forth  for  both  SAV  matrix  columns  1 and  2 through  F 356  2. 

Horizontal  Stabilizer 

For  Horizontal  Stabilizer,  the  substitution  of  F-cards  begins  with  F 366  1 and  proceeds 

through  F 372  2. 

Vertical  Stabilizer 


For  Vertical  Stabilizer,  the  substitution  btgins  with  F 392  1 through  F 405  2. 
Fuselage 


For  Fuselage  the  Production  cost  substitutions  are: 

F 416  1 (Equation  D')  * CR 

F 416  2 (Equation  I') 

F 417  1 (Equation  E') 

F 417  2 (Equation  J') 

F 418  1 (Equation  F') 

F 418  2 (Equation  H') 

F 422  1 (Equation  K')  ♦ CR 


and  so  forth  through  F 435  2 


Nacelles 


Only  Equation  K'  is  used.  F-cards  are  required  for  lines  F 446  1 through  F 448  2 in 
the  established  pattern. 

Landing  Gear 

Only  Equation  K'  is  used.  F-cards  are  required  for  lines  F 458  1 through  F 464  2. 

The  above  series  of  changes  is  for  Recurring  Production  for  the  first  quantity  estimated. 
A second  quantity  is  estimated  using  matrix  lines  Z 476  1 through  Z 604  2.  F-card 
substitutions  should  be  provided  for  these  in  the  same  way  as  for  the  above  series. 

The  term  b in  the  above  is  defined  as  follows: 

b = b'  + 1,  where 

b’  ~ is  ^ iearning  curve  expressed  as  a decimal  fraction. 

2 This  means  that  each  of  the  equations  gives  cumulative  total  costs. 

4.3  PRODUCTION  RATE  EFFECTS 

It  may  not  be  necessary  to  modify  the  computer  program  to  provide  for  evaluation  of 
production  rate  effects.  If  it  can  be  assumed  that  any  structural  trade-off  will  be 
accomplished  under  a constant  rate  of  production,  it  would  seem  to  be  possible  to 
evaluate  rate  effects  external  to  the  model  using  the  equation  provided.  This  would 
seem  likely  since  production  rate  is  a question  of  programmatics  rather  than  design 
trade-off. 

If  it  is  desired,  however,  to  incorporate  this  capability  in  the  present  program,  an 
alternative  set  of  F-cards  is  required.  The  simplest  way  to  describe  these  changes 
is  by  reference  to  Appendix  A of  Reference  1.  Each  First  Unit  Cost  section  requires 
a set  of  alternative  F-cards.  Each  alternative  card  is  formulated  by  adding  * (1. 16  - 
. 16R)  to  each  F-card  affected.  The  term  R equals  actual  Rate  divided  by  Ideal  Rate. 

The  lines  and  columns  requiring  this  change  are  as  follows: 
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1 


Wing 


F 

31  1 

F 39  2 

F 44  2 

F 

49  1 

F 

31  2 

F 

40  1 

F 

45  1 

F 

49  2 

F 

32  1 

F 

40  2 

F 

45  2 

F 

50  1 

F 

32  2 

F 

41  1 

F 

46  1 

F 

50  2 

F 

33  1 

F 

41  2 

F 46  2 

F 

51  1 

F 

33  2 

F 

42  1 

F 47  1 

F 

51  2 

F 

38  1 

F 42  2 

F 47  2 

F 

52  1 

F 

38  2 

F 43  1 

F 

48  1 

F 

52  2 

F 

39  1 

F 43  2 

F 

48  2 

F 

53  1 

F 44  1 

F 

53  2 

Horizontal  Stabilizer 

F 

100  1 

F 

106 

2 

F 

110 

1 

F 

113  2 

F 

100  2 

F 

107 

1 

F 

110 

2 

. . F 

114  1 

F 

101  1 

F 

107 

2 

F 

111 

1 

F 

114  2 

F 

101  2 

F 

108 

1 

F 

111 

2 

F 

115  1 

F 

102  1 

F 

108 

2 

F 

112 

1 

F 

115  2 

F 

102  2 

F 

109 

1 

F 

112 

2 

F 

116  1 

F 

106  1 

F 

109 

2 

F 

113 

1 

F 

116  2 

Vertical  Stabilizer 

F 

151  1 

F 

153 

2 

F 

160 

1 

F 

163  1 

F 

151  2 

F 

158 

1 

F 

160 

2 

F 

163  2 

F 

152  1 

F 

158 

2 

F 

161 

1 

F 

164  1 

F 

152  2 

F 

159 

1 

F 

161 

2 

F 

164  2 

F 

153  1 

F 

159 

2 

F 

162 

1 

F 

165  1 

F 

162 

2 

F 

165  2 

Fuselage 

F 

201  1 

F 

209 

2 

F 

213 

2 

F 

218  1 

F 

201  2 

F 

210 

1 

F 

214 

1 

F 

218  2 

F 

202  1 

F 

210 

2 

F 

214 

2 

F 

219  1 

F 

202  2 

F 

211 

1 

F 

215 

1 

F 

219  2 

F 

203  1 

F 

211 

2 

F 

215 

2 

F 

220  1 

F 

203  2 

F 

212 

1 

F 

216 

1 

F 

220  2 

F 

208  1 

F 

212 

2 

F 

216 

2 

F 

221  1 

F 

208  2 

F 

213 

1 

F 

217 

1 

F 

221  2 

F 

209  1 

F 

217 

2 

201 


Nacelles 

F 271  1 
F 271  2 
F 272  1 

Landing  Gear 

F 301  1 
F 301  2 
F 302  1 
F 302  2 
F 303  1 
F 303  2 
F 304  1 


F 272  2 
F 273  1 
F 273  2 


F 304  2 
F 305  1 
F 305  2 
F 306  1 
F 306  2 
F 307  1 
F 307  2 


SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS 

A series  of  studies  undertaken  to  provide  an  improved  state-of-the-art  capability  for 
estimating  the  cost  of  aircraft  airframes  and  basic  structures  was  successfully  com- 
pleted. Six  separate  studies  were  involved.  In  three  of  these  computer  program 
changes  were  involved.  For  the  remaining  three,  improvements  were  handled  by 
means  of  additions  to  the  program  input  tables. 

This  contract  is  a follow-on  to  the  contract  study  described  in  a previous  technical 
report,  Reference  1.  That  study  resulted  in  the  development  of  a trade  study  costing 
methodology  that  was  designed  to  systematically  estimate  cost  variations  due  to 
changes  in  type  of  material  and  type  of  construction.  The  method  was  designed  and 
shown  to  be  feasible  for  trade  study  costing  for  structural  design-to-cost  problems 
during  the  preliminary  design  phase  of  a program.  The  solution  included  a cost  model 
that  makes  estimates  based  on  physical  parameters,  type  of  material,  and  type  of  con- 
struction and  assembly  of  structural  components  such  as  ribs,  spars,  covers,  longer- 
ons, frames,  etc.  At  the  end  of  this  previous  study,  the  model  was  still  considered 
to  be  in  a development  status  and  a series  of  additional  studies  were  recommended. 
Resulting  conclusions  and  recommendations  are  discussed  below. 

1.  The  first  study  was  to  develop  additional  complexity  factors  for  technologies 
and  materials  represented  by  an  advanced  manned  aerospace  vehicle  structure 
(A MAY'S),  the  advanced  strategic  bomber  wing  carry-through  box.  The  trade 
study  cost  estimating  method  was  structured  around  a concept  that  would  pro- 
vide for  the  incorporation  of  a future  data  base  with  its  established  cost  esti- 
mating factors.  In  the  study  the  cost  data  resulting  from  the  AMAY'S  program 
advanced  technology  concepts  were  plotted  against  cost  data  from  more  conven- 
tional types  of  structure.  If  the  conclusions  arrived  at  from  a single  data  point 
are  to  be  taken  at  face  value,  the  results  are  noteworthy.  The  advanced  tech- 
nology, in  almost  every  case,  resulted  in  substantially  lower  cost  while  at  the 
same  time  providing  dramatic  improvements  in  structural  performance.  The 
principal  material  involved  was  10  nickel  steel. 

This  conclusion  cannot  be  made,  however,  without  noting  that  it  is  based  on  a 
single  data  sample.  The  data  was  very  carefully  collected  and  has  high  credi- 
bility as  a single  data  point;  however,  the  recommendation  is  made  that  addi- 
tional examples  of  this  technology  be  evaluated  in  order  to  assess  the  credibil- 
ity of  the  study  conclusion. 

2.  In  the  second  study  task,  raw  material  cost  estimating  relationships  (CERs) 
were  modified  to  increase  their  sensitivity  to  material  product  form  and  type  of 


scrappage.  The  updated  CERs  expand  the  number  of  terms  used  to  estimate 
raw  material  from  2 to  4.  The  additional  terms  provide  for  an  explicit  evalu- 
ation of  the  material  form  factor  and  provide  a capability  for  redefining  scrap- 
page  factor  as  a combination  of  yield  and  manufacturing  usage  variance.  This 
provides  the  basis  for  additional  data  collection  related  to  yield  factors,  mill 
prices  and  product  form  factors. 

Under  the  previous  method,  assembly  costs  are  estimated  by  a series  of  CERs 
in  a sequence  that  represents  a generalized  concept  of  the  assembly  process 
developed  for  modeling  purposes.  This  sequence  was  not  changed,  but  the 
CERs  were  reviewed  to  determine  the  changes  necessary  to  provide  a capabil- 
ity for  evaluating  the  varied  additional  assembly  techniques  of:  automatic  rivet- 
ing, interference-fit  fasteners,  diffusion  bonding  and  adhesive  bonding.  Addi- 
tions were  made  to  both  the  cost  estimating  relationships  and  to  the  input  factors. 
This  applied  primarily  to  types  of  construction  involving  built-up  components 
as  opposed  to  integral  structures.  Further  study  of  this  topic  is  recommended. 

A means  of  evaluating  commonality  within  structural  components  was  developed. 
Commonality  refers  to  the  degree  to  which  a piece  of  structure  or  other  system 
is  composed  of  similar  or  identical  parts.  High  commonality  implies  a high 
degree  of  part  similarity  and  low  commonality,  the  reverse.  A complete  set 
of  equations  was  developed.  These  are  entered  into  the  model  in  a way  so  that 
they  may  or  may  not  be  used  in  a given  structural  evaluation. 

An  optional  capability  for  assessing  production  rate  effects  was  added  to  the 
model.  It  was  found  that  this  effect  can  be  stated  as  a relationship  between  the 
actual  production  rate  and  the  ideal  production  rate  for  the  facility  in  which  the 
work  is  being  accomplished.  Further  testing  of  these  results  is  recommended. 

The  trade  study  cost  estimating  method  makes  provision  for  use  at  a detailed 
level  of  alternative  learning  curve  projections.  The  furnishing  of  factors  had 
not  been  a part  of  the  previous  study.  Based  on  the  contractor's  experience, 
specific  factors  have  now  been  provided.  It  is  thus  possible  to  specify  learning 
according  to  type  of  construction  and  material  by  primary  and  secondary 
structure. 

The  above  improvements  can  be  entered  into  the  cost  model  computer  program 
on  a selective  basis.  This  entails  retaining  the  existing  model  and  formulating 
model  cards  for  each  of  the  specified  changes.  Instructions  for  such  changes 
have  been  developed. 

As  a general  recommendation,  the  following  are  suggested  for  further  improve- 
ment of  the  methodology : 

a.  Design  and  run  test  cases  for  the  program  changes  described. 
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b.  Collect  cost  data  and  make  calibration  runs  on  actual  fighter  programs. 

c.  Develop  an  estimating  structure  and  combine  the  TEASE  (Techniques  for 
Evaluating  Aerospace  St ructural  Elements)  and  STEP  (Structural  Tech- 
nology Evaluation  Program)  programs.  Interrelate  input  requirements. 

d.  Develop  CERs  to  estimate  the  cost  of  tooling  for  various  structural  con- 
cepts. 

e.  Define  methodology  and  requirements  for  expanding  complexity  factor 
tables. 

f.  Develop  additional  learning  curve  factors  for  composite  materials. 
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APPENDIX  A 


TRADE  STUDY  CERS  AND  DEFINITIONS 

This  appendix  consists  of  a listing  of  basic  CER  forms  and  the  accompanying  set  of 
cost  definitions.  'Two  numbering  series  are  used  to  cross-reference  these  CER 
forms  to  previous  descriptions:  (1)  the  first  column  which  references  a series  of 
figures  depicting  cost  printouts  and  identifying  the  corresponding  CERs,  and  (2) 
the  second  column,  which  references  the  assignement  of  equation  numbers  used 
in  Reference  1.  The  figure  references  in  the  first  column  are  also  those  used  in 
Reference  1. 
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d 


a series  of  reference  cost  per  pound  values  for  ribs,  frames, 
spars,  longerons,  and  covers  related  to  subassembly  labor 

a series  of  weight  scaling  exponents  for  ribs,  frames,  spars, 
longerons,  and  covers  related  to  subassembly  labor 


Ikrtail  ^ ubricalun  Mourn  for  So  undary  hlnk  luro  Definition:  The  manufacturing  taafca  required  for  machine 
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Ba»ic  Structure  Major  AasombU  Labor  Definition  This  consists  of  OIL  cuntrullod  assembly  ac- 

complished in  major  fixture  and  the  operations  required 
for  movement  from  station  to  station.  Assemblies  are 
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HT  ■ hours  per  lineal  feet  for  fit  and  trim 
TJ4  » Joint  thickness  ratio:  2 TS/O.  04 
TS  « average  skin  thickness 


WR  * size  scaling  parameter 
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Same  as  Aerodynamic  Surfaces  except  not  multiplied  by  2. 
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4 


Basic  Structure  Assembly  Material  Cost  Definition:  Production  material  used  in  Primary  Structure 

Major  Assembly  Includes  fasteners,  clips  and  other 
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Rework,  Primary  Assembly  ami  Major  Male 


EMD  ■ Kngineerlng  Material  Dollar  Cost 


tool  manufacturing  hours. 


CER DEFINITIONS 
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Manufacturing  support  dollars 


Quality  I'cmtrul  Hours  Definition:  Inspection  and  quality  control  activities  during 

design  and  development  to  establish  quality  control 

QCH  ■ (CDL'H  * F8>  ♦ (TTMH  * F9)  procedures  and  Inspection  requirements. 
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Manufacturing  Summary:  Definition  First  unit  costa  for  detail  fabrication. 

Detail  Fabrication  l-abor  subassembly  and  assembly  combined,  and  production 

Subassembly  and  Assembly  I-abor  material  costs  summarised  and  projected  over  the 
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Detail  Parts,  Listing  of  Hours 


4 


4150-39  Skin  Assy  - Panel  94.7  30.2  32.4  54.1  170.9  191.  214, 


4157-7/8 

& 9/10  Support  - Fairing,  Upper  Cover  553.  2C.  1 15.6  76.4  6,913. 


PART  NAME 


4084-7  Stiffener  512.5  23.  1 136 


PART  NAME 


796 


Hours  I Material 


4 


3J8 


PART  NAME 


626.0  32.7  1 1 166.8 


Hours  I Material 


4162-31  Flange 
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